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technique of organic chemistry 


INTRODUCTION 


Organic chemistry, from its very beginning, has used specific tools and 
techniques for the synthesis, isolation, and purification of compounds, and 
physical methods for the determination of their properties. Much of 
the success of the organic chemist depends upon a wise selection and a 
skillful application of these methods, tools, and techniques, which, with 
the progress of the science, have become numerous and often intricate. 

The present series is devoted to a comprehensive presentation of the 
techniques which are used in the organic laboratory and which are available 
for the investigation of organic compounds. The authors give the theoreti¬ 
cal background for an understanding of the various methods and opera¬ 
tions and describe the techniques and tools, their modifications, their 
merits and limitations, and their handling. It is hoped that the series will 
contribute to a better understanding and a more rational and effective 
application of the respective techniques. Reference is made to some in¬ 
vestigations in the field of chemical engineering, so that the results m$y be 
of assistance in the laboratory and help the laboratory chemist to under¬ 
stand the problems which arise when his work is stepped up to a larger 
scale. 

The field is broad and some of it is difficult to survey. Authors and 
editor hope that the volumes will be found useful and that many of the 
readers will let them have the benefit of their criticism and of suggestions 
for improvements. 

A. W. 

Research Laboratories 
Eastman Kodak Company 
Rochester, New York 
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physical methods of organic chemistry 


PREFACE 
to the First Edition 


In recent years, the science of physics has become mcreasmgly important 
to the organic chemist. Physics has given much greater precision to the 
concept of atoms, bonds, and structural formulas, and it has made possible 
the development of new, and the improvement of older, methods for the 
examination of chemical systems. With the increasing number and com¬ 
plexity of physical methods for the treatment of organic chemical problems 
there has resulted a specialization of research workers in the methods which 
they employ, and the selection of a research problem is frequently governed 
more by the physical method to be used than by the chemical nature o 
the problem. Some workers have made themselves familiar with several 
methods in order to deal with their individual problems. In other cases, 
however, physical methods have been used without adequate preparation. 

The chemist, in order to acquaint himself with a certain physical method, 
has in the past been compelled to search through periodicals and specialized 
books. The present work has been compiled with the hope of relieving 
him of much of this burden. It has been the object of the authors to 
provide a description of tested methods, the theoretical background for 
understanding and handling them, and the information necessary for a 
critical evaluation of the experimental results. 

Because of the diversity of the methods discussed, no attempt has been 
made to secure a uniformity of presentation which might have been de¬ 
sirable for formal reasons. In some chapters a discussion of theory was 
unnecessary, in some a relatively brief theoretical treatment sufficed, and 
in other chapters a rather complete exposition of the theory appeared 
necessary. Some methods have been treated in monographs, while for 
others no comprehensive modern presentation is available. Therefore, a 
rather severe selection and delimitation of material was exercised in some 
chapters and a more complete treatment given in others. 

The book is also calculated to appeal to the student who seeks to increase 
his understanding of the methods described, although he may not practice 
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them himself. For him, chapters like those on x-ray and electron diffrac¬ 
tion should be adequate, but the practical application of these techniques 
will require the use of the supplemental literature to which reference is 
made. 

The authors and editor will welcome any suggestions for improvements. 
The editor wishes to express his sincere thanks to the authors whose labor, 
often under difficult circumstances due to the war, made possible this 
treatise. He also acknowledges gratefully the assistance of his colleagues 
in reading the manuscripts, particularly of Drs. L. G. S. Brooker, I. Fan- 
kuchen, M. L. Huggins, E. E. Jelley, C. J. Kibler, E. Loewenstein, J. E. 
LuValle, J. Spence, J. Russell, C. V. Wilson and Messrs. R. H. Wagner 
and K. F. Weaver, and the help of Misses G. Das and A. M. Hyman in 
the clerical work. 

The publishers and their staff deserve special recognition and thanks for 
their eager and understanding cooperation. 

A. W. 

Research Laboratories 
Eastman Kodak Company 
Rochester, New York 


PREFACE 

to the Second Edition 


The purpose of this treatise is stated in the preface to the first edition. 
The second edition has been enlarged by five new chapters (I, II, V, XIII, 
XXVI), by new sections in chapters XV and XXII, and by a substantial 
expansion of many of the other chapters; some of them have been entirely 
rewritten (VIII, XI, XII, XXIV, XXX, XXXI), and others have been 
thoroughly revised. 

New chapters V, XIII, and XXVI deal with the determination and evalu¬ 
ation of Vapor Pressure, with measurements made with the Ultracentrifuge, 
and with Electrophoresis. In the additions to chapters XV and XXII are 
presented Electron Microscopy, Nephelometry, and the determination and 
evaluation of Light Scattering, respectively. Temperature Measurement 
and Temperature Control are important for so many of the methods that 
it seemed advisable to treat them separately in Chapters I and II, to 
which reference is made in the other chapters. Likewise, a section on 
Light Sources has been added in chapter XXL However, special appli- 
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IX 


cations of these general subjects are presented in the chapters which deal 
«ith the respective problems. 

We hope that the new edition provides a more homogeneous ana com 
nlete presentation of the field than the first edition. The title, Physical 
Methods of Organic Chemistry, has been called too narrow. “Organic 
Chemistry” distinguishes the methods described from those physicochemical 
methods which, though essential in other fields, are less important for, or 
not applicable to, organic chemistry—for example, methods employing 
very high temperatures. We do not, of course, suggest that the methods 
described are applicable to organic problems only. Though it is gratifying 
that workers in other fields have found the book useful, it is our chief ob¬ 
ject to provide information on the physical methods used by chemists, 
physicochemists, physicists, biologists, and other research workers in deal¬ 
ing with organic chemical problems. 

In the volume at hand are described the determination and evaluation of 
physical properties of organic compounds. Other volumes of the present 
series deal with techniques used in the preparation , isolation , and purifica¬ 
tion of organic compounds. 

I acknowledge with gratitude the valuable suggestions made in reviews 
and in letters by Drs. H. G. Cassidy, N. D. Cheronis, S. Glasstone, and 
W. Swietoslawski and the assistance of Drs. L. C. Craig, E. M. C. Crane, 
A. L. Geddes, L. Hesse, K. C. D. Hickman, M. L. Huggins, W. J. Knox, 
V. K. LaMer, L. G. Longsworth, R. P. Loveland, J. E. LuValle, H. Mark, 
D. R. Morey, W. R. Ruby, D. R. Simonsen, D. W. Stewart, J. M. Stur- 
tevant, R. S. Tipson, G. W. Thomson, and L. H. Weissberger and Messrs. 
A. Ballard, R. L. Bent, C. A. Morrison, and H. Shapiro in reading the 
manuscripts. Miss K. Goepp assisted the authors in preparing chapters 
XI and XII. I am grateful for their efforts and for the splendid and 
understanding cooperation of the publishers in the planning and the 
preparation of the new edition. 

A. W. 

Research Laboratories 
Eastman Kodak Company 
Rochester, New York 
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I. INTRODUCTION 

Temperature measurement and, to a lesser extent, temperature control 
are fundamental to nearly all experimental work in the natural sciences. 

1 
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J. M. STURTEVANT 


Very few of the important attributes of material substances are even ap¬ 
proximately independent of temperature, and this is particularly true of 
those properties which are of significance in organic chemistry. 

Organic chemists until recent years were able to make truly remarkable 
progress in developing an understanding of the behavior of the compounds 
of carbon largely on the basis of essentially qualitative observations, and 
much further progress will undoubtedly be made using the well-tried 
methods of classical organic chemistry. However, in many branches of 
the subject it has become increasingly necessary to adopt more refined 
methods of observation in order to achieve continued progress. This 
extension of quantitative methods to organic chemistry nearly always in¬ 
volves an improvement in either temperature measurement or tempera¬ 
ture control, or both. It is therefore a matter of some importance to or¬ 
ganic chemists to be familiar with modem developments in these two fields, 
even though these developments may seem now to go beyond the needs of 
the moment in most phases of organic chemical work. 

In the present chapter we discuss the principles and methods of tempera¬ 
ture measurement. Particular attention is given to methods which are 
applicable in the relatively narrow temperature region where organic com¬ 
pounds are stable. Chapter II will be concerned with temperature control. 

II. DEFINITION OF A TEMPERATURE SCALE 1 
1. International Temperature Scale 

Temperatures in scientific work are expressed in terms of the Interna¬ 
tional Temperature Scale, adopted in 1927 by the Seventh General Con¬ 
ference on Weights and Measures, and revised in 1948 by the Ninth 
General Conference. At the time of its adoption, this scale conformed to 
the thermodynamic scale as closely as possible in view of the experimental 
knowledge available at that time. The International Scale is defined by 
several fixed points, each point being given with a number of significant 
figures consistent with its reproducibility, and by means for interpolating 
between the fixed points. 

A. FIXED POINTS 

The basic fixed points of the International Temperature Scale are the 
temperatures of the following equilibria at a pressure of one standard 
atmosphere; (a) liquid and gaseous oxygen, 1 —182.97°. (6) ice and air- 

1 H. T. Wensel, in Temperature, Its Measurement and Control in Science and Industry. 
Reinhold, New York, 1941, p. 3. 

• Unless otherwise specified, temperatures are given in centigrade degrees. 
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i n nno° • (c) liauid water and steam. 100 . 00 °; (d) liquid 

"^'^■ous'sulfur, 444.60°; (e) solid and liquid silver, 960.8°; and (/) 


and gaseous 
solid and liquid gold. 1063 . 


B . INTERPOLATION 

From the ice point to 630°, the temperature, t, is deduced from the re¬ 
sistance. R„ of a standard platinum resistance thermometer by means of 

the formula: 

R, - «o(l + At + BO) (0 

The constants, Ro, A, and B, are determined by calibration at the ice 
stca m and sulfur points. The purity and physical condition of the 
thermometer should be such that R 1M /Ro > 1-3920, and 4.2165 < (R«.« 

_ From^—*83° to the ice point, the temperature is deduced from the re¬ 
sistance of a standard resistance thermometer by means of the formula: 


R, = Roll + At + BO + C« - 100)<*] 


( 2 ) 


where the constants are determined by calibration at the oxygen, ice, 

steam, and sulfur points. - 

From 630° to the gold point, interpolation is accomplished by means ol 
a standard platinum vs. platinum-rhodium thermocouple, one junction of 
which is at 0°. Above the gold point, temperatures are defined in terms 

of Planck's radiation formula. . 

The chief value of the International Temperature Scale lies in the fact 
that its practically universal acceptance has removed the ambiguities 
formerly present in the specification of temperatures. 


2. Secondary Temperature Standards 

For many applications it is convenient to have reference temperatures 
more closely spaced than those provided by the International Tempera¬ 
ture Scale. Temperatures defined by the equilibria between the liquid and 
solid forms of pure substances are usually preferable to those defined by 
the equilibria between the liquid and gaseous forms because of the dif¬ 
ficulty of avoiding errors due to superheating and pressure effects in boiling- 
point determinations. 

One of the best-defined and most reproducible secondary standard tem¬ 
peratures is the freezing point of benzoic acid. Schwab and Wichers 3 
have shown that pure benzoic acid (supplied by the National Bureau of 

• F. W. Schwab and E. Wichers, J. Research Nall. Bur. Standards, 34, 333 (1945). 
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Standards) sealed in a partially evacuated tube containing a thermometer 
well gives a thermometric standard reproducible to 0.002° and is consider¬ 
ably easier to apply than the steam point. The freezing point is 122.36°. 

Pure samples of tin (freezing point 231.85°) and lead (freezing point 
327.4°) may also be obtained from the National Bureau of Standards, and 
furnish convenient thermometric standards. 

Lower reference temperatures are supplied by the equilibrium between 
anhydrous sodium sulfate and its decahydrate (32.38°), 4 and by the equilib¬ 
rium between solid and gaseous carbon dioxide ( — 78.51°). 6 In the latter 
case, pressure corrections are important, and care must be taken to estab¬ 
lish equilibrium between the solid and its pure vapor rather than between 
the solid and its vapor diluted with air. Commercial Dry Ice appears to 
be sufficiently pure for this purpose. 

The boiling points of various substances besides oxygen, water, and sulfur 
have been used for thermometric purposes. A list of such liquids is given 
by Timmermans and Martin. 8 

III. LIQUID-IN-GLASS THERMOMETERS 7 

1. Mercury-in-Glass Thermometers 

The vast majority of temperature measurements in organic chemical 
work has been done in the past, and undoubtedly will be done in the future, 
with mercury-in-glass thermometers. It is therefore important to under¬ 
stand the limitations of this type of thermometer and the errors likely to 
arise in their use 

Mercury thermometers allow the measurement of temperatures in the 
range from —35° to 360°, or even up to 600° in the case of thermometers 
constructed of Supremax glass and containing mercury under nitrogen 
pressure. For measurements of the greatest precision mercury thermom¬ 
eters have been largely replaced by resistance thermometers or ther¬ 
mocouples. However, short-interval mercury thermometers still find some 
application in calorimetric 80,6 and other types of work requiring considerable 
precision. The familiar Beckmann thermometer can be read with a lens 
to 0.001-0.002°, though care has to be exercised to make the accuracy of 
the readings this good. Coops and van Ness 8 ® have used a Beckmann for 

* J. Hole, Chem. Med. Eng., 52, No. 6, 115 (1945). 

* R« B. Scott, in Temperature, Its Measurement and Control in Science and Industry. 
Reinhold, New York, 1941, p. 212. 

* J. Timmermans and F. Martin, J. chim. phys., 23, 747 (1926). 

7 For a discussion in detail, see J. Bussc, in Temperature, Its Measurement and Control 
in Science and Industry. Reinhold, New York, 1941, p. 228. 

•• J. Coops and K. van Ness, Rec. trav. chim., 66, 142 (1947). 

86 F. Barry, J. Am. Chem. Soc., 42, 1911 (1920). 
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readings of temperature differences with a precision of 0.0001°. So-called 
calorimetric thermometers in w hich the amount of mercury in the system 
cannot be changed, as it can with the Beckmann type, cover a short tem- 
nerature interval of 10-20°. Barry* has described a thermometer for 
the range 15-21° which can be read to 0.0001°, and which he considers to 
have about the limit of precision obtainable with mercury thermometers. 

A. SOURCES OF ERROR IN THE USE OF MERCURY THERMOMETERS 

Changes in Bulb Volume.—The bulb of a (centrigrade) mercury ther¬ 
mometer contains mercury corresponding to about 6000° of scale length. 
It is thus evident that small changes in bulb volume have a. relatively 
large effect on the calibration of the thermometer. For this reason, a 
thermometer used to read temperatures to a few tenths of a degree or 
less should have a reference mark on its scale corresponding to some 
readily obtained fixed thermometric point such as the ice point. Since 
the volume of the capillary is small, it may usually be safely assumed 
that any error observed at the reference point may be applied as a correc¬ 
tion to the remainder of the calibrated range of the instrument. 

An improperly annealed thermometer, or one used at high temperatures, 
will undergo gradual and irreversible changes in bulb volume. As men¬ 
tioned above, such changes can be corrected for on the basis of a reading 
made at a suitable reference point. 

Temporary changes in bulb volume result when a thermometer is heated 
and then cooled; the bulb does not return to its original volume at the 
lower temperature for a period which may be as long as several days. With 
good grades of thermometers this may cause errors of as much as 0.01° 
for each 10° the bulb is heated above the temperature at which measure¬ 
ments are to be made. In contrast, on being raised to a higher tempera¬ 
ture the bulb will undergo the appropriate change in volume within a few 
minutes. This effect makes it clear that considerable care must be exer¬ 
cised in the treatment given a thermometer employed in precise measure¬ 
ments. 

Pressure Effects.—Atmospheric and hydrostatic pressures have an 
appreciable effect on the reading of sensitive thermometers. According 
to Busse, 7 the pressure coefficient for thermometers having bulb diameters 
of 5-7 mm. is of the order of 0.1° per atmosphere. Smith and Menzies 8 * 
found errors of as much as 0.2° at 20 mm. compared with the reading at 
atmospheric pressure, and stated that the magnitude of the effect could 
not be predicted from the dimensions of the thermometer bulb, although 
the effect was found to be proportional to the change in pressure. Pres- 

,e A. Smith and A. Menzies, J. Am. Chem. Soc., 32, 905 (1910). 
i 



Fig. 1.—Nomograph for correction for emergent 
stem: n, number of degrees emergent from bath; 

temperature of bath; l„ mean temperature of 
emergent stem; A, stem correction, °C. 
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ure changes giving significant effects can result from changing the position 
nf a sensitive thermometer from the vertical to the horizontal. 

Exposed Stem Correction.—Most thermometers are calibrated to read 
correctly when the bulb and the liquid in the stem are exposed to the 
temperature to be measured. Such thermometers are called “total im¬ 
mersion thermometers.” In many laboratory operations it is inconven¬ 
ient, or impossible, to use such a thermometer under conditions of total 
immersion. In these cases one should always determine the appropriate 
exposed stem correction, and apply the correction if it is found to be 
significant. The stem correction is computed by the equation: 

a = r —ti <W - « < 3 > 

1 — kn 

where A *= t u u. “ W is the correction in degrees, k is the differential coef¬ 
ficient of expansion of mercury in glass, n is the number of degrees of ex¬ 
posed stem, / 0 b.. is the apparent temperature of the body under measure¬ 
ment, and Is is the effective temperature of the exposed mercury. For 
most purposes k (for centigrade thermometers) may be taken equal to 
0 . 00016 ; in more precise work definite information should be obtained con¬ 
cerning the coefficient of expansion of the glass of which the thermometer 
stem is constructed. The effective temperature of the exposed mercury is 
usually estimated by placing a second thermometer with its bulb in con¬ 
tact with the stem in the middle of the exposed mercury. For greater 
accuracy a more reliable estimate of the average exposed stem temperature 
is obtained by using a special type of thermometer with a long thin bulb. 
The estimate of the exposed stem temperature will in general be more re¬ 
liable for thermometers of the etched stem type than for those of the en¬ 
closed scale and capillary type. As a matter of fact, the latter type of 
thermometer may have a significant, but indeterminate, stem correction 
unless the entire instrument is immersed, because of convection currents in 
the air inside the stem case. 

The quantity kn in equation (3) is usually small compared to unity, so 
that in many cases the simpler expression: 

A « kn(t ob9 . - t,) (4) 

may be employed. For example, if n = 200°, the error in A is only 3%. 
Values of A as given by equation (4) may be readily computed by means of 
the nomograph 9 given in figure 1. The dotted line in the figure illustrates 
the use of the nomograph for the case in which n = 300° and f 0 bs. — U = 

• Due to E. L. Skau and H. Wakeham, in Physical Methods of Organic Chemistry, 
Vol. I, 1st ed., Interscience, New York, 1945, p. 34. See also W. T. Somerville, Ind. 
Eng. Chem., Anal. Ed., 17, 675 (1945). 
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220°. The corresponding correction, 10.5°, is read on the left-hand scale. 
If the value of A, say Ao, so obtained is insufficiently accurate, a refined 
value can be read from the nomograph by replacing / ob „. in equation (4) 
by f 0 bs. + Ao. For example, in the case illustrated by the broken line in 
figure 1, f ob9i -f Ao — t, = 230°, and a more precise value for A is 11.0°. 

It is evident from a consideration of the uncertainties inherent in the 
determination of the stem correction that wherever possible a thermometer 
should be used totally immersed. 

Some thermometers, known as “partial immersion thermometers,” are 
calibrated with the instrument immersed to a specified depth. The purpose 
of such calibration is to eliminate the necessity for making exposed stem 
corrections; however, this purpose is realized only if the conditions of 
stem temperature during use are sufficiently close to those during calibra¬ 
tion. 

Radiation Errors. 10 —If a thermometer is used in a transparent medium, 
its indication may be in error as a result of radiation from a nearby hot 
body, such as in incandescent lamp used in making observations. An ef¬ 
fect of this nature may also invalidate a computed stem correction. 

Lag Errors. —When a thermometer at a temperature to is immersed in a 
medium at a temperature t mi the quantity t — t m , where t is the thermometer 
temperature, varies with time approximately according to the equation: 

t- t m = (to - f m )e- r (5) 

where r is the time and k is a constant depending on the type of thermometer 
(chiefly the bulb diameter), the thermal characteristics of the medium, 
and the speed of motion of the medium relative to the thermometer. 
Thus, after 1/x sec. the thermometer differs from its proper final value by 
about (\/e)(to — t m ) « 0.4 (to — t m ) degrees; after 5 /k sec., t — t m ® 
0.007 (to — t m )- The value of 1/x for an ordinary laboratory thermometer 
in well-stirred water is about 2 sec., and for a Beckmann thermometer, 
about 9 sec. For an ordinary laboratory thermometer 1/k becomes as 
large as 10 sec. in still water and 200 sec. in still air. From these figures 
it can be seen that in most situations lag errors will not be important if 
readings are made a minute or two after immersing the thermometer. On 
the other hand, in some work attention must be paid to the thermometric 
lag—for example, in the observation of changing temperatures. 

B. THERMOMETER CALIBRATION 

Thermometers used for puposes requiring a moderate or high degree of 
precision should in all cases have their calibrations checked. Thermom- 

10 C. E. Arregger, Can. Chtm. Process Inds. t 29, 269 (1945). 
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eters used for the routine determination of melting and boiling points can 
be conveniently calibrated by means of observations made on standard 
substances by the methods given in Chapters III and IV. If the condi¬ 
tions of use, including depth of immersion, are reasonably constant, the 
calibration can include the exposed stem correction. An obvious method of 
calibration is to immerse both the instrument under test and a standard 
thermometer, of any suitable type, in a well-stirred bath the temperature 
of which may be adjusted to a number of values within the range of inter¬ 
est. In this method changes of the bath temperature during periods when 
readings are made must be slow enough so that differences in lag of the two 
thermometers produce no significant errors. 

Mercury thermometers may be calibrated by the National Bureau of 
Standards if thoroughly reliable values are desired. 

Any calibrated thermometer should be checked at a convenient and re¬ 
producible fixed point with sufficient frequency to insure that significant 
changes in bulb volume are detected and corrected for. 

c. BECKMANN THERMOMETERS 

The foregoing discussion of mercury-in-glass thermometers also applies 
to Beckmann thermometers. There is an additional source of error with 
this type which results from the fact that there are different amounts of 
mercury in the measuring system at different settings of the thermometer. 
Beckmann thermometers are usually calibrated to indicate correctly tem¬ 
perature differences at 20°, provided, of course, that the corrections and 
precautions described above are observed. Temperature differences ob¬ 
served at other temperatures must be multiplied by the setting factors 
listed in table I for thermometers constructed of Jena 16 m glass. 


Table I 

Setting Factors for Beckmann Thermometers Made of Jena 16 mi Glass 


Setting, 

0 C. 

Factor 

Setting, 

• C. 

Factor 

0 

0.9931 

60 

1.0105 

10 

0.9968 

70 

1.0125 

20 

1.0000 

80 

1.0143 

30 

1.0029 

90 

1.0161 

40 

1.0056 

100 

1.0177 

50 

1.0082 




The reader is referred to the work of Coops and van Ness for 80 an inter¬ 
esting description of the use of a Beckmann thermometer in highly precise 
measurements. 
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2. Other Liquid-in-Glass Thermometers 

Various liquids other than mercury find some application in thermom¬ 
eters. Organic liquids, such as alcohols, toluene, and pentane, are used in 
thermometers reading down to —100°. Such liquids have coefficients of 
expansion some 5 to 10 times that of mercury, so that equation (3) for the 
exposed stem correction obviously does not apply. For most thermometric 
liquids 11 there happens to be an approximately inverse relation between 
density and heat capacity, so that with bulbs of moderate diameter where 
the thermal conductivity of the liquid is not a controlling factor, the ther¬ 
mometer lag is roughly independent of the liquid used. 

Mercury is generally preferred as a thermometric liquid because of its 
high degree of stability Organic liquids generally require the addition of 
a coloring compound which may hasten polymerization and other reactions 
leading, usually, to a gradual contraction of the liquid. 

IV. RESISTANCE THERMOMETRY 
1. Platinum Resistance Thermometers 

In the neighborhood of room temperature, the electrical resistivity of 
platinum increases approximately 0.4% per degree. Since platinum is ob¬ 
tainable in highly reproducible and pure condition, and is relatively un¬ 
affected by aging or by gases and fumes over a wide temperature range, 
and since electrical resistance can be measured with a high degree of pre¬ 
cision, this change of resistivity with temperature furnishes one of the best 
means of temperature measurement. 12 As stated above, interpolation in 
the International Temperature Scale in the range of —183° to 630° is de¬ 
fined in terms of the platinum resistance thermometer. Many other metals 
and alloys have temperature coefficients of resistivity somewhat larger 
than that of platinum. While some of these find limited application in 
temperature-indicating devices, they are inferior to platinum for precise 
measurements because of their greater susceptibility to external physical 
and chemical effects. 

Platinum resistance thermometers for precision measurements are usu¬ 
ally wound of annealed wire on mica supports in such a way that the metal 
is subjected to as slight a strain as possible when the thermometer is heated 
or cooled. For most applications, the coil is enclosed in a sealed glass or 
silica tube; when it is desired to minimize the lag of the thermometer, as 

11 R. L. Weber, Temperature Measurement and Control. Blakiston, Philadelphia, 
1941, p. 13. 

** See E. F. Mueller in Temperature, Its Measurement and Control in Science and Indus¬ 
try, Reinhold, New York, 1941, p. 162. H. J. Hoge and F. G. Brickwedde, J. Research 
Nad. Bur. Standards, 28, 217 (1942). 



I. 


TEMPERATURE MEASUREMENT 


11 


• ca iorimetric applications, the coil is enclosed in a flattened metal case. 
Thermometers are usually manufactured with a resistance of 25.5 or 2.55 
ohms at 0°, so that the resistance will change by about 0.1 or 0.01 ohm per 
degree, respectively. Modern thermometers are provided with four leads 
two from each end of the coil, the use of which is discussed below'. It is 
evident that thermometers can be made in other forms to meet special 
needs. For example, a winding of platinum or other metallic ribbon around 
the outside of a vessel gives an integrating, low-lag measure of the tempera¬ 
ture of the outside wall. 

The temperature corresponding to a measured resistance, R h of a plat¬ 
inum thermometer is frequently computed by means of the Callendar 1 * 

equation: 


_ 100(ft, - Ro) 

R ,oo - Ro \100 / 100 



The constants Ro. Rrn - Ro (the “fundamental interval”), and 8 are de¬ 
termined by calibration at the ice, steam, and sulfur points (page 2); this 
calibration is performed by the National Bureau of Standards for a reason¬ 
able charge. The value of t is calculated from R, by successive approxima¬ 
tions, the first of which is simply 100 (R, — Ro)/(Rioo — Ro). This value 
of t is used in the relatively small 8 term to obtain the next approximation 
to t, and the process is repeated until an unchanging value of t is obtained. 
Experience has showrn that 8 should be less than 1.50 with a properly con¬ 
structed and calibrated thermometer. 

Schwab and Smith 14 recommend the use of equations (1) and (2), in 
modified forms, for computing temperatures from observed resistances, and 
have tabulated values of certain terms to render calculations by successive 
approximations very convenient. Their method gives more rapid conver¬ 
gence of the approximations than does the Callendar equation. 


2. Other Types of Resistance Thermometers 

A. THERMOMETERS USING METALS OTHER THAN PLATINUM 

Metals and alloys other than platinum may be used in resistance ther¬ 
mometers in cases w'here the chemical and physical stability of platinum 
is not required. A high grade of nickel 15 has an advantage over platinum 
in that its temperature coefficient of resistivity is about 0.6% per degree at 
ordinary temperatures as compared with 0.4% for platinum. 

11 H. L. Callendar, Trans. Roy. Soc. London, 178, 161 (1887). E. H. Griffiths, ibid., 
182,43,119 (1892); Phil. Mag., 32, 104 (1891); 47,191 (1899). 

14 F. W. Schwab and E. R. Smith, J. Research Natl. Bur. Standards, 34, 360 (1945). 
u For example, Alloy 99 manufactured by Driver-Harris Co., Harrison, N. J. 
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B. THERMOMETERS USING NONMETALLIC MATERIALS 

Thermistors.—Within the last 10 to 15 years methods of manufacture of 
semiconducting mixtures of metal oxides have been perfected to the point 
that such mixtures, known as thermally sensitive resistors, or thermistors, 16 
have sufficient reproducibility and stability to be useful for a wide variety 
of purposes including resistance thermometry. Thermistors have negative 
temperature coefficients of resistivity which at ordinary temperatures are 
of the order of 10 times that of platinum. The specific resistance, p. in 
ohm-cm. of these semiconductors is given very closely by the expression: 

P = pa,e B/T (7) 

where T is the absolute temperature, and B and p. are empirical constants. 
For one material, B = 3920° K., so that the temperature coefficient, given 
by: 

( 8 ) 

P dT T* 

is —4.4% per degree at 300° K. A particular thermistor thermometer 
mentioned by Becker, Green, and Pearson 16 has the resistance values given 
in table II. This thermometer has a lag described by 1 /k = 70 sec. (see 


Table II 


Resistance of a Typical Thermistor Thermometer 


Temp . ° C. 


-25 

0 

25 

50 

100 

200 


Rcffiatance, ohms 


580,000 

145,000 

46,000 

16,400 

3,200 

305 


page 8) in still air. Its calibration was found to be constant to within 
0.01 0 for two months when used at temperatures below 100°. There can be 
little doubt that this degree of stability will be improved upon, and that 
thermistors will eventually assume a role of some importance even in pre¬ 
cision thermometry. Thermistors can be manufactured in a variety of 
forms, from relatively large disks to very small beads having small thermal 
lags and heat capacities. 

Organic Liquids.—Weiller and Blatz 17 have described a novel form of 
thermometer composed of an organic liquid (composition not specified) 

16 J. A. Becker, C. B. Green, and G. L. Pearson, Bell System Tech. J., 26 ,170 (1947). 

17 P. G. Weiller and I. H. Blatz, Electronics, July, 1944, p. 138. 
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lpd in a small glass bulb with two sealed-in wires serving as electrodes. 
Negative temperature coefficients of the order of 4 to 5% per degree are 

obtained. 
c . bolometers 

Resistance thermometers of extremely low heat capacity can be con- 
ucted of very thin wires or evaporated films of metal. Bolometers 
S ( ec Chap. XXI) of this type have found important application in measur¬ 
ing radiant energy, as in infrared spectrographs. It has been found that 
J h e stability of such a spectrograph is greatly improved if the light source is 
shuttered and the a. c. output from the bolometer is amplified by a narrow- 




Fig. 2.—Simple thermometer bridge, illustrating use of four-lead thermometer. 

band amplifier. It is evident that in this arrangement the bolometer 
should have a very short response time. Bolometers suitable for use with 
shuttering frequencies of ten cycles per second or higher have been de¬ 
scribed. 18 


3. Measurement of Resistance 

A. D. C. WHEATSTONE BRIDGE 

The most commonly used method for measuring the resistance of a re¬ 
sistance thermometer employs a direct current Wheatstone bridge. The 
bridge (Fig. 2) generally consists of two fixed ratio arms, A and B, of a 

11 C. S. Tegge, private communication. B. H. Billings, E. E. Barr, and W. L. Hyde, 
Rev. Sci. Instruments, 18, 429 (1947). 
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variable arm, 1), and the thermometer, X. With a four-lead thermometer, 
it is possible to eliminate the resistances of the leads. If r A = r„ (r = 
resistance), and the four leads are designated as c, C, T, and t , it is evident 
that, with the thermometer connected as in figure 2a, at bridge balance: 


( r />)« + r c — r x + r T 


Correspondingly, with connections as in figure 2b: 

r (z>)* + ™ r x + r c 


Therefore: 


r x 


( r p)a ~f~ (rp)b 
2 


Thermometer bridges are frequently equipped with a mercury commutator 
for making this change in connections. The resistance of the leads can be 
completely neglected in the case of thermometers such as Thermistors, 
which have high resistances. 

With a 25.5-ohm thermometer, 0.0001 ohm corresponds to 0.001°. The 
bridge must therefore be constructed and calibrated with great care if pre¬ 
cise temperature measurements are to be made. The variable arm usually 
consists of six decades, the lowest of which is*in steps of 0.0001 ohm. The 
variable resistance of the decade contactors, which is an important source 
of error in such precise resistance measurements, is ingeniously eliminated 
in the Mueller-type bridge. The contact resistances in the lower decades 
are in series with relatively large fixed resistances so that they have only 
a negligible effect. The decade resistance values result from the shunting 
of a series of low resistances by the large fixed resistances. 

Too large a current passing through the thermometer will cause falla¬ 
cious readings as a result of heating of the thermometer coil. With 25.5- 
ohm thermometers having flattened metal protecting tubes, a current of 5 
milliamperes (ma.) is usually employed, while with those enclosed in glass 
tubes the current should not exceed 2 ma. These currents cause a heating 
of a few thousandths of a degree in the thermometer. If the measuring 
current is kept constant, it is usually considered to be safe to assume that 
the heating is the same at all temperatures and in all media. Since only 
differences between resistances appear in the Callendar equation, no errors 
result from this cause if the thermometer is always heated the same frac¬ 
tion of a degree above its surroundings. 

The problem of the heating effect of the measuring current needs to be 
given particular attention in the case of a high-resistance thermometer such 
as a Thermistor thermometer. In such cases, because of the large changes 
in resistance involved, it will not in general be permissible to assume that 
the heating effect is constant if the measuring current is held constant, so 
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that it is important to reduce the measuring current to the lowest possible 

«imple calculation shows that for the measurement of small tempera¬ 
ture changes by a platinum thermometer, a sensitive galvanometer is re- 
uired to detect the off-balance output of the thermometer bridge. It is 
vident that the change in bridge output for a given temperature change is 
doubled if two similar thermometers are used in opposite arms of the bridge. 
This procedure for doubling the sensitivity is useful only in specialized 
olications; for the measurement of absolute temperatures it would re- 
uire two standard thermometers. The “transposed bridge” type of ther¬ 
mometer described by Maier 19 consists of two thermometers, T, and two 
fixed coils, F, with zero temperature coefficient (manganin) wound on the 
same form, and connected as shown in figure 3. The current through the 



PoUnli- 


Fig. 3.—Transposed bridge resistance thermometer (Maier). 


bridge is adjusted by means of observation of the potential drop in the 
standard resistor S. The bridge output is measured potentiometrically 
(page 21). This type of thermometer is most satisfactory in the neighbor¬ 
hood of its balance point. 

Differential measurements can be conveniently carried out by using two 
similar thermometers in adjacent arms of a Wheatstone bridge; or, if 
suitable small trimming resistors are placed in series with the thermometers, 
greater sensitivity is obtained by using two thermometers at each of the two 
temperatures the difference betw-een which is being measured. The ad¬ 
vantages of differential measurement are fully realized only if the two tem¬ 
peratures being compared are rather close together. 

'»C. G. Maier, J. Phys. Chem., 34, 2860 (1930). 
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Note on the Use of a Galvanometer-Photocell Amplifier.—It is perhaps 
worth while to call attention here to a method of using galvanometers which is 
too often overlooked by chemists. Circuits involving a photocell and ampli¬ 
fier have been described 20 by which a voltage (or current) is fed back into the 
galvanometer circuit to oppose the voltage (or current) being measured; the 
signal fed back is read on a secondary meter, which can be a rugged pointer- 
type or recording instrument. The gain of the optical system and amplifier 
can easily be made great enough so that a very slight galvanometer deflection 
causes a full scale deflection on the secondary meter. 



Fig. 4.—Galvanometer-photocell amplifier for improving the characteristics 
of a galvanometer used in measuring voltages or currents. 


The use of strong degeneration here gives its usual beneficial effects. The 
instrument calibration is, over wide limits, independent of the galvanometer 
sensitivity or the resistance of the source of unknown voltage or current, as 
well as of photocell and vacuum tube characteristics. If a few critical resistors 
and the secondary meter are of high quality, a remarkably stable calibration 
can be obtained. If the aperture in front of the photocell (or photocells) is 
arranged so that small vertical movements of the light beam do not affect the 
light intensity on the photocell, much increased freedom from mechanical vi¬ 
bration of the galvanometer is obtained. By suitable use of an a. c. coupling 
as well as a d. c. coupling in the feedback circuit, the period of the instrument 
can be altered to meet requirements. 

90 R- W. Gilbert, Rev. Sci. Instruments, 7, 41 (1936); Proc. Inst. Radio Eng., 24, 1239 
(1936). R. H. Muller, R. L. Garman, and M. E. Droz, Experimental Electronics, Pren¬ 
tice-Hall, New York, 1942, p. 216. 
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The circuit*' given in figure 4 is suitable for use with enclosed lamp and scale 
meters.” The galvanometer scale is replaced by a Bakelite strip 
h* V ‘ng a rectangular opening and the twin photocell and amplifier tube are 
k ftV1 nted in a light-tight compartment attached to the galvanometer box. The 
® 0U ° t as drawn is arranged for measuring voltages developed by relatively 
| CirCU irapedance sources such as resistance thermometer bridges or thermo- 
° W ples. For measuring currents through high impedance sources, the input 

C °nections are changed as shown in the lower right-hand corner of the figure, 
^voltage measurements, full scale deflection of the secondary meter corre- 
"onds to an input very closely equal to the voltage developed by 200 /xa. 
flowing through the lower part of the variable resistor R\ in current measure- 
ents the ratio of the resistance below the sensitivity control contactor to 
the total value of R multiplies the full scale current of the secondary meter. 
R should be made up of resistors wound noninductively of manganin wire. 
A recording potentiometer may be connected across a suitable resistor in series 
with the 200 -/xa. meter. 

In voltage measurements, this circuit behaves like a self-balancing potentiom¬ 
eter, in that the current flowing through the unknown, the e. m. f. of which 
is measured, does not exceed that necessary to cause a galvanometer deflection 
of something less than 1 mm., except for very short intervals during the es¬ 
tablishment of balance. The calibration is therefore, as stated above, largely 
independent of the source impedance. 


B . POTENTIOMETRIC METHOD 

The resistance of a thermometer may be determined by potentiometric 
observation of the voltage drops across the thermometer and a standard 
resistor in series with it. This method can give as good accuracy as the 
bridge method if a good potentiometer is employed. Its chief value will 
be in cases in which no thermometer bridge is available but a satisfactory 

potentiometer is. 


C. AUTOMATIC INDICATION AND RECORDING OF TEMPERATURE 

The development of rapidly acting and precise self-balancing indicating 
and recording potentiometers 23 has made relatively easy the continuous 
indication and recording of temperatures measured either by resistance 
thermometers or thermocouples. 

A Wheatstone bridge made up of a thermometer and three fixed arms gives 
an output which is proportional to the temperature of the thermometer 

,l This circuit is a modification of one given the author by E. R. Beringer of the Physics 
Department, Yale University. 

” Leeds and Northrup No. 2420-a, or Rubicon No. 3402. 

** For example, by Brown Instrument Co., and Leeds & Northrup Co., both of Philadel¬ 
phia, Pa. See D. R. Stull, Rev. Sci. Instruments, 16, 318 (1945). 



18 


J. M. STURTEVANT 


over a restricted range on both sides of the balance point of the bridge. 
Outside this range allowance has to be made for deviations from linearity; 
this is easily done where necessary by direct calibration of the thermometer 
plus the indicating system. When the bridge output is to be continuously 
recorded it is impossible to eliminate the effect of thermometer lead re¬ 
sistances by means of a four-lead thermometer. 
In this case a three-lead thermometer can be 
employed. As seen in figure 5, two of the leads, 
a and b, which are as nearly identical as pos¬ 
sible, are in adjacent arms of the bridge so that 
changes in their resistances cancel out. 

Recording potentiometers have insufficient 
sensitivity to measure directly the bridge out¬ 
put in many applications, so that amplification 
is necessary. To avoid the difficulties inherent 
in d. c. amplification, either the bridge may be 
supplied with alternating current, or the output 
of a d. c. bridge may be converted to a. c. before 
amplification. In the former case, the bridge 
frequency is preferably different from the power¬ 
line frequency, and the bridge output is ampli¬ 
fied by a frequency-selective amplifier. 14 

If a d. c. bridge is employed, the output may be converted to a. c. by a 
synchronous reed mechanical converter in low-sensitivity applications, or 
by a carefully constructed commutator 16 in high-sensitivity applications. 
In either case, the a. c. output from the amplifier may be reconverted to 
d. c. by an electronic phase-sensitive detector or by a mechanical converter. 
The circuit of figure 4, in connection with a 10-mv. recording potentiometer, 
can be used to give a full scale deflection for 0.1° directly from a two-ther¬ 
mometer d. c. resistance bridge. 

V. THERMOELECTRIC THERMOMETRY 16 

If a circuit composed of two different metals (see fig. 6) contains a cur- 
rent-indicating device, a current is found to flow' in the circuit when the 
two junctions between the metals are maintained at different temperatures 
(t\ t* k). The electromotive force (e. m. f.) causing the current flow is a 

14 See, for example, J. M. Sturtevant, Rev. Sci. Instruments, 18, 124 (1947). 

u M. D. Liston, C. E. Quinn, W. E. Sargeant, and G. G. Scott, Rev. Sci. Instruments, 
17, 194 (1946). 

* For a thorough discussion of this subject, see the articles by W. F. Roeser, R. B. 
Scott, J. G. Aston, W. P. White, and H. T. Wensel, in Temperature, Its Measurement and 
Control in Science and Industry. Reinhold, New York, 1941. 



Fig. 5.—Three - lead 
thermometer, X, arranged 
to minimize the effects of 
lead resistances. 
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•nirle-valued function of the temperature difference, provided that either 
f rk is held constant, and the physical or chemical character of the metals 
. ° t a itered. Such a system is called a thermocouple. Several thermo- 
* nuples may be connected in series, as in figure 7, to give an e. m. f. that is 
the sum of the e. m. f. values of the single couples. Such an arrangement 



is called a multijunclion thermocouple or a thermel. The thermoelectric 
power of a thermocouple is of the order of a few to 40 or 50 microvolts 
0*v.) per degree, depending on the metals and the temperature. In gen¬ 
eral, the thermoelectric power decreases with the temperature. Table 
III lists some important data for the four most common types of thermo¬ 
couple. 

Table III 


Characteristic Data for Various Types of Thermocouples* 


Type 

Useful 
temperature 
range. • C. 

E. m. 

t. per junction with reference 
junction at 0* C., rov. 

— 200° 

+ 100° 

+300* 

+ 1000° 

Platinum to platinum- 
rhodium 

Chromel P to alumel 

Iron to constantan 

Copper to constantan 

0 to 1450 
—200 to 1200 
-200 to 750 
-200 to 350 

-5.75 

-8.27 

-5.54 

0.643 

4.10 

5.40 

4.28 

2.315 

12.21 

16.56 

14.86 

9.57 

41.31 

58.22 

a e a 


• W. F. Roeser, in Temperature, Its Measurement and Control in Science and Industry. 
Reinhold, New York, 1941, p. 180. 


Because of the fact that the electromotive force of a couple is primarily 
a function of the temperature difference between its junctions, thermo¬ 
couples are particularly useful in the measurement of small temperature 
differences. The junctions of a multijunction thermocouple may be dis¬ 
tributed over a surface or throughout a volume to average out temperature 
irregularities in the body under observation. 
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A. DESIGN AND CONSTRUCTION OF THERMOCOUPLES 

Thermocouples may be constructed in a wide variety of physical forms 
for various applications. Most frequently wires of the two metals are 
soldered or welded together, and insulated or otherwise protected a? - 
quired by the particular application. The metals in the neighborhood of one 
set of junctions may be in the form of thin ribbons in close thermal contact 
with a surface the temperature of which is to be measured. The heat capa .- 
ity of thermocouples may be made very low by using fine wires or ribbons. 
The construction of thermocouples of extremely low heat capacity has re¬ 
ceived considerable attention 1 ’ in connection with recording infrared spec¬ 
trographs using shuttered radiation sources to give a. c. thermocouple out¬ 
puts Such a thermopile made of thin layers of metal formed by evapora¬ 
tion may give an output amplitude with shutter frequencies as high as 
several cycles per second which is not much smaller than the value without 

Sh For temperatures below 300°, copper-constantan (or copper-Advance) 
thermels are usually employed. If only moderate sensitivity is sought, the 
number of junctions will be small, and will usually be in part determined 
by the potentiometric and galvanometric equipment available. In some 
applications physical factors limit the number of junctions to a very small 
number, frequently to one. In such cases the desired sensitivity of meas¬ 
urement will dictate the choice of the potentiometer and galvanometer. 
When very high sensitivity, of the order of microdegrees, is desired, one 
can use either a relatively small number of junctions" with a galvanometer 
having a very high current sensitivity, such as a Paschen galvanometer, or 
a higher resistance thermel having as many as 2000 or 3000 junctions 9 with 
a less sensitive galvanometer. The size of the Mires used in constructing 
the thermel should be carefully considered. A decision here is based on a 
balance 28 - 30 between low electrical resistance and low thermal conduction, 
with due consideration being given such factors as possible restrictions on 
the allowable heat capacity of the measuring junctions. 

One of the greatest advantages of thermocouples is the ease with which 
they can be constructed. We shall mention a few of the more important 
points to be considered in the actual construction. Further details are to 
be found in papers on this subject, 26 as well as in numerous papers on calorim¬ 
etry and related subjects. It is obviously important to approach aS 


* 7 L. C. Roess and E. N. Dacus, Rev. Sex. Instruments. 16, 164 (1945); D. F. Hornig 
and B. J. O’Keefe, ibid., 18, 474 (1947). 

» F. T. Gucker, H. B. Pickard, and R. W. Planck, J. Am. Chem. Soc., 61, 459 (1939). 
» E. Lange and A. L. Robinson, Chem. Revs., 9, 89 (1931); L. S. Mason, Rev. Sci. 
Instruments, 15, 205 (1944). 

10 B. Whipp, Phil. Mag., 18, 745 (1934). 
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closely as possible the ideal situation in which (he only potential in the 
thermocouple is that due to the temperature difference to be measured. 
Since thermal e. m. f.’s are developed when an inhomogeneous metal is 
exposed to a temperature gradient, the wire used in constructing a thermel 
should be tested for homogeneity. 31 Furthermore, the thermel should be 
exposed to as small temperature gradients as possible, and these gradients 
should be as nearly as possible the same during calibration and subsequent 
use. Thermels should be constructed so as to avoid subjecting the wires 
to any strain, particularly after calibration. In the construction of a multi¬ 
junction thermel, one should follow, if possible, a systematic procedure in 
which the insulation resistance of each wire against the rest of the thermel 
is tested before that wire is incorporated in the thermel. 

B. MEASUREMENT OF POTENTIAL 

Direct Measurement. —The output of a thermocouple is in many cases 
measured by means of a potentiometer and galvanometer, or by a gal¬ 
vanometer alone, if the output is small enough so that sufficient sensitivity 



Fig. 8. A potentiometer decade in which interpolation between steps is accomplished 
by galvanometer deflections. R lt R«, .decade resistors; r h r,, ..., compensating 
resistors; A, accurately known fixed resistor; B, variable resistor; SC, standard cell; 
X, source of unknown e. m. f. 

is obtained and the current flowing in the system does not introduce ap¬ 
preciable errors. The potentiometer principle is discussed in Volume 
II, Chapter XXII. 

Since the potentials developed by thermocouples arc small, potentiom- 

31 W. F. Roesser and H. T. Wensel, in Temperature, Its Measurement and Control in 
Science and Industry. Reinhold, New York, 1941, p. 284. 
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eters of relatively high precision are in general required. When the pre¬ 
cision must exceed 5 a tv. (0.125° per junction for copper-const ant an couples) 
a slide wire is generally not used for interpolating between the steps of the 
lowest decade. The interpolation is accomplished by observing galva¬ 
nometer deflections, or by opposing the small residual e. m. f. by a small frac¬ 
tion of the potential drop in a resistor carrying current read on a sufficiently 
sensitive ammeter (Lindeck method). 

With interpolation by galvanometer deflections, a decade arrangement 
similar to that shown in figure 8 is employed. This arrangement keeps the 
resistance in the unknown e. m. f.-galvanometer circuit approximately 
constant, which is important since a galvanometer is a current-measuring 
device. The moving contacts, especially in the lower decades, are fre¬ 
quently put in the battery circuit where stray thermal e.m. f.’s have negli¬ 
gible effect. The resistors, r it r 2 , r 3 , ..., serve to keep constant the re¬ 
sistance in the battery circuit. It is essential to operate with a properly 
damped galvanometer. 32 If the resistance of the potentiometer plus that 
of the source of the unknown e. m. f. is not equal to the critical damping 
resistance of the galvanometer, a suitable series or shunt resistor should be 
placed in the circuit. It is usually considered best to have the total re¬ 
sistance in series with the galvanometer a little larger than the critical 
damping value so that the galvanometer is slightly underdamped. 

In the measurement of potentials of the order of 1 nv. f great care must 
be exercised to avoid interference from e. m. f.’s arising either from leak¬ 
age from higher potential circuits or from temperature gradients in non- 
homogeneous parts of the circuit (stray thermal e. m. f.'s). White” 
has described methods of shielding for eliminating interference from the 
first cause, as well as various devices which lessen the troubles due to 
thermal e. m. f.’s. Provision is usually made for a partial elimination of 
thermal and leakage e. m. f.’s by observing the galvanometer zero with the 
circuit as nearly as posible in its operating condition except for the removal 
of the unknown e. m. f. Thus, in the White potentiometer, which is ex¬ 
tensively used in thermometry, the battery and unknown e. m. f. are simul¬ 
taneously removed from the circuit before the galvanometer zero is ob¬ 
served. 

For many applications involving only moderate sensitivity the output of 

" If a high-sensitivity galvanometer is employed, it must be supported in such a way 
that it is unaffected by mechanical disturbances. The familiar Julius suspension will 
usually be satisfactory. More elaborate suspensions have been described by M. J. 
Brevoort, U. S. Bur. Mines, Repts. Invest., No. 3086, and by F. T. Gucker, H. B. Pickard, 
and R. W. Planck, J. Am. Chem. Soc., 61, 459 (1939). 

a * W. P. White, in Temperature, Its Measurement and Control in Science and Industry. 
Reinhold, New York, 1941, pp. 265, 279. 
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a thermel may be recorded directly by a self-balancing recording potenti¬ 
ometer. 23 Gucker 28 has described a semiautomatic recording potentiometer 
which he has employed in the observation of very small potentials. 

Amplification of Thermocouple Outputs.—In work requiring high sen¬ 
sitivity, where temperatures are to be recorded continuously, it is neces¬ 
sary to amplify the output of a thermel before it is applied to a recording 
potentiometer. As in the case of the output of a d. c. resistance ther¬ 
mometer bridge, such amplification may be accomplished by a commuta¬ 
tor-amplifier arrangement. 

Galvanometer-Photocell Amplifier. A galvanometer-photocell am¬ 
plifier such as that described on page 16 can frequently be advantageously 
employed in the measurement of the e. m. f.’s developed by thermo¬ 
couples. 

c. CALIBRATION OF THERMOCOUPLES 

In many applications, thermels serve as indicators of temperature dif¬ 
ferences which may be expressed in arbitrary units, and they therefore 
need not be calibrated. In cases in which calibration is needed, it will 
frequently be found possible to perform the calibration in the apparatus 
for which the thermel was designed by measurements on a substance with 
known thermal properties (such as heat capacity or melting point). If 
an absolute calibration is necessary, it may be accomplished by determining 
the e. m. f.’s corresponding to a series of thermometric fixed points (with 
the reference junctions held at a constant temperature, usually 0° C.), 
or by comparison with a calibrated resistance thermometer or gas ther¬ 
mometer. For details, the reader is referred to various articles. 3,134 

Reference Temperatures.—The most important reference temperature 
used in thermoelectric thermometry is the melting temperature of ice. 
White’s 35 ice-point apparatus has a Dewar flask contained within a second 
Dewar, which gives, with good commercial ice, a temperature constant to 
0.0001° for at least a day. A good reference temperature at —78.51° is also 
furnished by solid carbon dioxide (page 4). 36 

u R. B. Scott, in Temperature, Its Measurement and Control in Science and Industry, 
Reinhold, New York, 1941, p. 206. J. G. Aston, ibid., p. 219. W. P. White, H. C. Dick¬ 
inson, and E. F. Mueller, Phys. Rev., 31, 159 (1910). E. L. Skau, Proc. Am. Acad. Arts 
Sci., 67, 551 (1932); J. Phys. Chem., 37, 609 (1933). J. S. Burlcw and R. P. Smith, 
J. Am. Chem. Soc., 62, 701 (1940). E. F. Burton, H. Grayson Smith, and J. O. Wilhelm, 
Phenomena at the Temperature of Liquid Helium, Reinhold, New York, 1940, p. 30. 

** W. P. White, J. Am. Chem. Soc., 56, 20 (1934). See also J. L. Thomas, in Tempera¬ 
ture, Its Measurement and Control in Science and Industry, Reinhold, New York, 1941, p. 
159. 

M R. B. Scott, in Temperature, Its Measurement and Control in Science and Industry. 
Reinhold, New York, 1941, p. 212. 
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Whenever possible, a thermocouple should be employed as a differential 
temperature indicator, since small potentials can be measured with greater 
precision than large ones, and errors due to inhomogeneity in the thermel 
wires are lessened if the thermel is not exposed to any large temperature 
gradients. This important advantage can sometimes be secured by using 
as the reference point 37 the temperature of a body of high heat capacity 
and thermal conductivity, such as a block of copper, in a Dewar flask 
which is contained in another Dewar, the whole assembly being immersed 
in a thermostat. 

VI. MISCELLANEOUS THERMOMETRIC METHODS 

Various other types of thermometric devices are of importance 38 in cer¬ 
tain applications. Because of their relatively small importance in organic 
chemistry, as compared with liquid-in-glass, resistance, and thermoelectric 
thermometers, we shall do no more than make brief mention of them here. 

A. EXPANSION THERMOMETERS 

Gas thermometers are frequently employed in research at very low tem¬ 
peratures, and are of especially great importance in that they serve as a 
means for defining the thermodynamic temperature scale. 

Bimetallic thermometers, composed of two metals having different coef¬ 
ficients of expansion closely bonded together, find some application, par¬ 
ticularly in industrial problems, in the measurement of temperatures with 
moderate precision. 


B. RADIATION PYROMETRY 39 


Above about 1000° the International Temperature Scale is defined in 
terms of Planck’s expression for the amount J\t, of energy radiated at the 
wave length, X, by a black body at a temperature, T } per unit time per 
unit area of the black body throughout the solid angle 2*■: 


Sirch 


j wnwt 

XT = W' /ur - 1) 


(9) 


" W - p - Whitc . The Modem Calorimeter. Chem. Catalog Co., New York, 1928, p. 
131. 

"A general reference that covers many of these is Temperature, Its Measurement and 
Control in Science and Industry, Reinhold, New York, 1941. See also R. L. Weber, 
Temperature Measurement and Control, Blakiston, Philadelphia, 1941. 

” ^ T * Wensel, in Temperature, Its Measurement and Control in Science and In¬ 
dustry, Iteinhold, New York, 1941, p. 3; W. E. Forsythe, ibid., chapter 12, pp. 1115- 
1224; P. L. Weber, Temperature Measurement and Control, Blakiston, Philadelphia. 
1941, pp. 99 elseq. 
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where c is the velocity of light, h is Planck’s constant, and k is Boltzmann s 
constant. The total radiant intensity is: 

X m Afdk 00 ) 

Total Radiation Pyrometry.- It is evident that the relations given 
above can be utilized in temperature measurements based on observa¬ 
tion either of the total radiation intensity from a body, or of radiation in 
a restricted wave-length region, provided the body under examination 
behaves like a black body or has a known emissivity. Total radiation 
pyrometers, as the name indicates, are instruments for estimating the total 
radiant intensity from a source. Actually, such instruments include opti¬ 
cal systems which introduce some wave-length selectivity; for this and 
other reasons, they cannot be used for absolute measurements, but must 
be empirically calibrated. These instruments usually consist of a non- 
reflecting receiving surface, having a very small heat capacity, the tempera¬ 
ture of which is measured by resistance or thermoelectric thermometry, 
together with a suitable optical system. 

Optical Pyrometry.—Optical pyrometers indicate the intensity of radia¬ 
tion within a more or less restricted wave-length range in the visible part 
of the spectrum. For best results, a filter is used to restrict and define the 
wave-length range. The brightness of the object under examination is 
usually compared with that of a filament through which a variable current 
flows, the current being adjusted so that the brightness of the object is the 
same as that of the filament. The filament current is related by empirical 
calibration to the temperature. 

Monochromatic Pyrometry.—Absolute temperature measurements can 
be obtained from a pyrometer 40 sensitive to a very narrow range of wave 
lengths. A highly sensitive detector is required because of the small 
energy flux in a narrow region of the spectrum. A recent development in 
this field which has considerable scientific interest is the microwave radiom¬ 
eter, due to Dicke. 41 Dicke’s radiometer measures radiation of about 
3 cm. wave length, and employs an ingenious comparison method for ob¬ 
taining the high sensitivity of detection required. 

VII. CHOICE OF METHOD OF TEMPERATURE MEASUREMENT 

Some general statements can be made which may be of help in selecting 
the type of thermometric equipment to be used for various purposes. 

40 J Strong, J. Optical Soc. Am., 29, 520 (1939). 

41 It. H. Dicke, Rev. Sci. Instruments, 17, 268 (1946). 
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However, these statements cannot be expected to be fully applicable to 
many situations which arise in specialized problems. In such situations 
there may be unusual factors influencing the choice of thermometer which 
will completely override the considerations given below. 

As mentioned earlier, the majority of temperature measurements in 
organic chemical practice can be most conveniently and inexpensively 
carried out with mercury-in-glass thermometers. This is true of ordinary 
melting-point (Chapter III) and boiling-point (Chapter IV) determinations, 
observations of the temperature of reaction mixtures, and so on. All 
temperatures of significance in characterizing substances or in defining 
their properties should, of course, be measured with thermometers eali- 
brated with an accuracy at least equal to the apparent accuracy of the re¬ 
ported data. 

More exacting requirements are met in physicochemical work on organic 
systems. In chemical kinetic measurements, since the rate of many reac¬ 
tions increases by about 10% per degree, temperatures should be specified 
with an accuracy of 0.05 degree or better. In many thermodynamic 
measurements accuracies of 0.01 degree or better are required. In such 
work, temperatures are frequently measured by standard platinum resist¬ 
ance thermometers which give results directly expressed on the Interna¬ 
tional Temperature Scale. The equipment involved is, however, rather 
expensive, so that there is some advantage in using Beckmann or other 
short interval mercury-in-glass thermometers, provided that these are 
carefully calibrated against a standard resistance thermometer by the ex- 
perimeter or by a standardizing laboratory. 

The measurement with high precision of small temperature differences 
is conveniently carried out by a differential resistance thermometer bridge 
(two thermometers in adjacent arms of the bridge, one at each tempera¬ 
ture), or by thermocouples. The construction of thermocouples is consid¬ 
erably easier than the construction of reliable resistance thermometers, so 
that in cases where thermometers of special form are required, thermo¬ 
couples will usually be found to be more convenient. There is not much 
difference in the cost and complexity of the subsidiary equipment required 
for these two types of thermometers. 

Temperature measurements outside the range of mercury-in-glass ther¬ 
mometers are for the most part done with resistance thermometers or 
thermocouples, except at extremely high temperatures, where radiation 
methods are used. 

Requirements of very low thermometer heat capacity or high speed of 
response cannot be met by mercury-in-glass thermometers. Resistance 
thermometers and thermocouples can be made to satisfy rather extreme 
requirements in either of these directions. 
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I. INTRODUCTION 

A wide variety of devices has been described for controlling temperature 
in scientific, industrial, and other applications. We shall restrict attention 
to systems suitable for laboratory work. It will not be profitable to review' 
in detail the voluminous literature on this subject, since most of this litera¬ 
ture is concerned with the description of a host of control devices nearly 
all of w'hich belong to a small number of more or less distinct types. Our 
aim is to outline the underlying principles involved in these systems to an 
extent sufficient to clarify the important features in the design of a success¬ 
ful system, and to give practical descriptions of two control devices which 
should be applicable to most situations arising in the laboratory. 

It may be stated at the start that all parts of a control $y$te?n are impor¬ 
tant. In many publications on this subject attention is focused on the 
control device itself. A good control device used in conjunction with a 
poorly designed controlled body gives but a poor control system. 
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1. Classification of Control Systems 

Temperature control systems may In* classified from several di lie rent 
points of view, as outlined l>elow. 

A. CONTROL THERMOM KTBRS 

Each of the types of thermometer mentioned in Chapter I has been, or 
conceivably can be, employed as a control thermometer. Mercury “ther¬ 
moregulators” are essentially modified liquid-in-glass (or liquid-in-metal) 
thermometers. Resistance thermometers and thermocouples have fre¬ 
quently been employed. Bimetal thermometers have found extensive ap¬ 
plication, particularly in systems of relatively low precision of control. 

H. CONTROLLED BODY 

The body the temperature of which is controlled may be a liquid or gas 
bath, or a block of metal, together with any additional object immersed 
therein. Liquid or gas baths are usually stirred to aid the relatively slow- 
process ol thermal conduction, particularly when high precision of control 
is required. 

C. TYPE OF CONTROL 

Many more or less distinct types of control have been recognized in the 
treatment of the general subject of automatic control. For the present pur¬ 
poses we shall consider only the two broad classifications of on-off, or two- 
position. control, and continuous control. The former type is the more 
widely used; as its name indicates, the controlled heat input has only two 
possible instantaneous values, either full on or full off. In the latter type, 
the heat input is a continuous function of the temperature of the control 
thermometer, over a more or less wide range of values. 

2. Block Diagram of Control Systems 

Temperature control systems can be described in terms of the block dia¬ 
gram of figure 1. An input setting, which can be considered as an input 
temperature, T in , is applied to a comparison element. In the case of a mer¬ 
cury thermoregulator, T ia is the setting of the movable contactor and the 
capillary of the regulator is the comparison element; in the case of a system 
employing a resistance thermometer bridge as the comparison element, T io 
is the value, in terms of temperature, of the variable resistor in one arm of 
the bridge. There is also applied to the comparison element a feedback 
signed, 0T ollt , where 7’ oul is the temperature of the control thermometer . 

I his latter may be the bulb of a mercury thermoregulator, or a resistance 
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thermometer in an arm of a Wheatstone bridge adjacent to the variable 
resistor mentioned above. The comparison element compares and 
and applies the result of this comparison to a controller , which may, 
f /example be a simple on-off relay or a vacuum-tube amplifier. I he 
controller output energizes a heater, which in turn heats the controlled body 
Ind through this body, the control thermometer. 

In all cases of interest to us 0 is equal to -1, since the output temperature 
• applied degeneratively to the comparison element without decrease in 
amplitude. This means that the effect of 0T oui on the controller tends to 

resist any change in 7’ 0Ut . 

The control device is composed of all parts of the control system except 
the controlled body. 

II. THEORETICAL CONSIDERATIONS 

The theory of temperature control systems has been developed in some 
detail by Turner 1 and Jelonek. 2 These authors studied an ideal system 
composed of a metallic rod equipped with a heater and control device, and 
insulated thermally except at one end. Turner investigated the behavior 
of the system with a continuous controller, while Jelonek was interested in 
the case of an on-off controller. Turner also checked his theoretical pre¬ 
dictions by experimental observations. 
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Fig. I.— Block (liagnuu of a temperature control system. 


Jelonek in his treatment made use of the close analogy between the ther¬ 
mal system and an electrical transmission line with distributed resistance 
and capacitance. In the qualitative discussion which follow's we shall use 
a different electrical analogy, that of feedback amplifiers. Amplifiers in 
which a fraction of the output signal is fed back to the input of the ampli¬ 
fier have been used for many years, and their theory has been well de¬ 
veloped. 8 It has been found that under certain conditions such feedback 
amplifiers have very desirable properties, but that considerable care is re- 

1 L. B. Turner, Proc. Cambridge Phil. Soc., 32, 663 (1936). 

1 Z. Jelonek, Proc. Cambridge Phil. Soc., 42, 62 (1946). 

1 See, for example, F. E. Terman. Radio Engineers' Handbook. McGraw-Hill, New 
York. 1943. p 395. 
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quired in their design to make these properties realizable. The same is true 
of temperature control systems. 

The part of the system of figure 1 composed of the controller, heater, 
controlled body, and control thermometer may be described as a tempera¬ 
ture amplifier with a temperature gain equal to /x. This means that a small 
increment in the input signal will result in an increment in the output signal 
tx times as large. There will in general be a finite delay time between an 
input temperature signal and the resulting output temperature signal. In 
most cases nearly all of this delay time is the result of heat-transfer lags; 
the electrical and mechanical lags can safely be neglected. With a slowly 
varying input signal, the output signal will lag behind by an amount which 
is less significant than if the input signal is rapidly varying. This may be 
expressed more conveniently by considering the case of a sinusoidally 



Fig. 2.—Relation between delay time (r) and 
phase shift. In the case shown the delay time is 
equal to one half the period, corresponding to a 
phase shift of » radians. 


varying input signal. The (constant) delay time may then be expressed 
as a phase shift, which will vary as the frequency is varied. The connec¬ 
tion between delay time and phase shift is clear from an inspection of fig¬ 
ure 2; a delay time of n times the period of the oscillation is equivalent to 
a phase shift of n times 2 t radians. At higher frequencies a given delay 
time will correspond to a larger phase shift than at lower frequencies. 

The quantity y should express not only the change in amplitude pro¬ 
duced by the amplifier but also the delay time. This can be accomplished 
by allowing /x to take on complex values: 


M = + jlh (1) 

where j = V-l, and y, and y, are, respectively, the “real” and “imagi¬ 
nary parts of y. Then the change in amplitude caused by the amplifier is: 


W“ 


(2) 
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and the phase shift is: 

•p = tan -1 (tti/fh) 

In general y will thus be a function of the frequency of the input to the am- 
nlifier with both |/x| and <t> dependent on frequency. 

P In some systems y may also be a function of the amplitude of the signal 
applied to the temperature amplifier. For example, if the controller is of 
the on-off type, changes in input amplitude have no effect on output ampli¬ 
tude when T out is above T i0 , so that here y is zero. 

It is, of course, necessary to specify an origin from winch temperatures 
are measured. To preserve the analogy with feedback amplifiers, we want 
f ut = 0 when T in = 0. We therefore take as origin the temperature 
reached by the controlled body when the heater is shut off. This will ex¬ 
ceed the ambient temperature by an amount determined by the stirring 
and other heat inputs not subject to the controller. 

1. Continuous Control 

In nearly all systems employing the continuous type of control device, 
the input to the controller itself is T in + /3T out . This signal is amplified 
by the factor y to give T oul , so that: 

Tout - *(T ta + 07’ out ) (4) 


The over-all gain of the complete system is thus: 

A _ La.' _ 

A T ia 1 - ft. 

If M» 1: 



(5) 

( 6 ) 


so that Tom = T in . This equality is the desired result of the control sys¬ 
tem. 


A. LINEAR CONTROL SYSTEMS 

We will restrict attention for the present to linear systems in which y 
is independent of the magnitude of T ia -f 0T oxli . In addition to the case 
where T ia is constant we have to consider the possibility that 7^, and there¬ 
fore also 7’ 0Ut , is a sinusoidal function of the time: 

Tin — Tjn COS 0)1 


(7) 
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where u = 2*/,/being the frequency of the oscillation, and T' in is the ampli¬ 
tude. Then: 

r out = Tout cos (tal -f <t>) (8) 

where the phase angle <f> is given by equation (3). 

Oscillation.—It may happen that for some frequency <p = — w radians. 
This corresponds to a real negative value for /x. If at this frequency the 
value of n is —1, equation (5) gives infinity for the over-all gain of the sys¬ 
tem. This means that any slight disturbance any place in the system, 
even if T in is constant, will cause it to break into sustained oscillation 
at the frequency w/2tt. Of course the oscillation will always be of limited 
amplitude because the system becomes nonlinear for extreme values of 
T’in + /T/’out— t. c., the most the controller can do is to turn the heater com¬ 
pletely on or completely off. 

It can be shown 4 that the complete requirement for absence of any possi¬ 
bility of sustained oscillation can be expressed in the following way. The 
value of 0 /x is computed for all frequencies from minus infinity to plus 
infinity, and a rectangular plot is made with the real part of 0/x plotted 
horizontally and the imaginary part vertically. This plot will in general 
be a closed curve, such as the one shown in figure 3. If this curve does not 


Fig. 3.—Nyquist plot for a hypothetical 
temperature control system. Oscillation 
would not occur in this case since the plot 
does not include the point 1,0. (The broken 
portion of the curve is forw = 0 to u «= — ».) 

enclose the point 1,0, no sustained oscillation can take place at any fre¬ 
quency. In all practical cases, the portion of the curve for zero to minus 
infinity is the mirror image of the portion from zero to plus infinity. 

In practical terms, this so-called Nyquist criterion means that a satis¬ 
factorily stable (i. e., nonoscillating) system must be such that at any fre¬ 
quency for w’hich the phase shift is - tt, the loop gain , which is the absolute 
value of 0/i, must be less than unity. Any real system of the type showm 
in figure 1, is a lotv-pass system since its loop gain decreases as the frequency 
increases. We see from equation (5) that at zero frequency we w'ant the 
loop gain to be much greater than unity, so that A is practically unity. It 
is therefore not surprising that control systems may frequently turn out 

4 H. Nyquist, Bell Syste/n Tech. J., 11, 126 (1932). 
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to have loop gains still exceeding unity when the phase shift reaches tt 
r^ans, and thus to be liable to instability. 

‘ The remedy for such oscillation is to reduce the loop gain in the neighboi- 
hood of the oscillation frequency, or else to reduce the lags so that the phase 

hift does not reach - tt until a considerably higher frequency at which the 
loop gain is already small enough to prevent oscillation. The former 
edy is not recommended since, at the low frequencies of oscillation en¬ 
countered in temperature control systems, it is not usually possible to reduce 
the loop gain at the oscillation frequency without also reducing the “d. c." 
loop again—the loop gain at zero frequency—which in turn diminishes the 
effectiveness of the control. It is far better to reduce the over-all lag be¬ 
tween the heater and the control thermometer. This procedure may 
change the frequency variation ot U| as well as the phase angle, but it will 
usually be found that the effect on <t> is greater. It is an important point 
that any method of reducing the lags to the point where no oscillation takes 
place is equally satisfactory so far as the stability of the control system is 
concerned, and there is no merit in further reduction of the lags beyond 
this point, provided that the control system is already adjusted to its maxi¬ 
mum d. c. loop gain. An effective way of reducing lags below the oscilla¬ 
tion point in a liquid bath is to place the control thermometer so that it is 
bathed in liquid which has just left the heater. Considerations of uniform¬ 
ity of liquid-bath temperature may in some cases require stirring rates in 
excess of those required to prevent instability of the control system. 

It is desirable to have the system far enough removed from an oscillating 
condition so that any oscillation caused by a transient disturbance, such as 
a sudden change in the input temperature setting, is rapidly damped out. 
Figure 4 illustrates the relation between lags and control instability with 
data observed in a large oil bath equipped with the control device described 
on page 43. This bath was stirred by a propeller in a cylindrical tube with 
a 45° baffle at the bottom, so that oil was directed along the bottom of the 
bath to the far end and then returned near the top to the stirrer tube. The 
temperature record was made with a thermometer system having a rise 
time (time between 10 and 90% response to a new' temperature) of about- 
30 sec. Figure 4a illustrates a condition of sustained oscillation at a fre¬ 
quency of about 0.25 cycle per minute. In this case the heater was com¬ 
posed of two Chromalox strip heaters, one along each side of the bath, and 
the control thermometer was a very low lag instrument. Figure 4b show's 
control practically free of oscillation, but characterized by an objectionably 
low' damping rate. This curve w'as obtained with the same heater and 
control thermometer as before, but the latter was mounted in a different 
position. Here the frequency at w'hich the phase shift is — 7r radians has 
been increased to about 0.33 cycle per minute, at which frequency the loop 
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gain is not quite sufficient to maintain oscillation. Figure 4c illustrates 
stable control, obtained with two knife-type heaters located above the 
propeller in the stirrer tube and the same thermometer mounted in the 
stream of oil delivered from the stirrer tube. It is to be noted that the 
sudden change of 0.13° in T in led to no evidence of any damped oscillation. 



Although the stirring in this bath was not vigorous, it was evidently quite 
adequate so far as the control system is concerned. 

It is in most cases out of the question to predict lags from design data 
with sufficient precision to permit one to specify the physical setup required 
to avoid oscillation. It is thus necessary to adopt the empirical approach 
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of designing to minimize lags and then cutting them down still more if os¬ 
cillation occurs. 

Sensitivity.—Let us return to a discussion of the effectiveness of the 
control system, apart from its freedom from oscillation. Here we need 
only consider the d. c. loop gain. As seen from equation (5), under condi¬ 
tions when the loop gain is real (as it must be for zero frequency) and much 
greater than unity, T out /T ia is practically equal to unity and independent 
of the loop gain. Conditions such as the heat transfer from the controlled 
body to its surroundings and the presence of additional thermal loads in 
this body determine the effective thermal load presented by the body and 
thus affect the value of p. The value of p will, in some systems, also be af¬ 
fected by external factors such as line voltage and aging of tubes. It is 
thus important that p be as large as possible so that T out /T in will be as 
nearly independent of the above conditions as possible. Differentiation 
of equation (5) gives, to a close approximation for large p: 


dT , 


out 


1 dp 
P P 


Tout 


(9) 


since 0 = — 1. This equation shows clearly the importance of having a » 
large loop gain. 

The d. c. loop gain of the system can be measured, in principle, by break¬ 
ing the loop at any point and observing the ratio of the result produced at 
the output side of the break to a signal introduced at the input side of the 
break. The loop gain should be measured with the system approximately 
at the control point. One method for doing this is by increasing the ther¬ 
mal load on the system until the heater power is twice its normal control 
value, and noting the decrease, —5T, in the temperature of the controlled 
body. If uncontrolled heat of this same amount were applied to the con¬ 
trolled body without the extra thermal load, the temperature of the body 
would become twice its normal control value. Thus the loop gain is: 

p = r oul /sT (io) 

The reciprocal of the d. c. loop gain may be defined as the sensitivity of the 
over-all system. The control system with which the data of figure 4 were 
obtained had 5T « 0.002°, and T out « 6°, so that p « 3000. Thus the 
sensitivity was 0.0003. This may be interpreted as 0.0003° change in the 
actual temperature of the controlled body per degree change in the tempera¬ 
ture origin resulting, for example, from a change in ambient temperature. 

The quantity 8T is a function of the controller and heater only. In the 
case of a linear controller, the power output of which is proportional to 
Tin - T out , 8T will be larger the larger the power needed to maintain con¬ 
trol. This shows the importance of good insulation for the controlled 
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body, so that a large value of 7* oul can be obtained with a small value of 
67', leading to a large loop gain. The thermal load presented by the con¬ 
trolled body can also be reduced by supplying uncontrolled (steady) heat. 
This will reduce 67’, but will not necessarily increase 7’ out . since it changes 
the temperature origin. In any ease, one should be careful to keep the con¬ 
troller output well above the lower limit of the linear range of the controller. 

It is desirable to express the sensitivity of the controller in a form which is 
independent of the rest of the system. If the controller lias a low output 
impedance, which will usually be the case, a plot of P/P lna *. as a function 
of T in — 7 o Ul will be independent of the heater impedance. Here P is the 
heater power and P m% - the value with the controller full on. The sensi¬ 
tivity of the controller may lx* defined as the negative of the reciprocal of 
the slope of the P/P niMm vs. T in - T oui curve. On this definition, the con¬ 
troller used to obtain the data of figure 4 has a sensitivity of 0.016°; the 
power output changes from l / 4 to '/* its maximum value for a 0.004° 
change in Tin ~ T out . 

H. NONLINEAR CONTROL SYSTEMS 

The above discussion holds in broad outline for nonlinear controllers 
provided that the value of n is a continuous function of T io — T oxli . 


2. On-Off Control 

The behavior of a controller in which the loop gain is a discontinuous 
function of T ia — 7' out is much more difficult to analyze than is that of a 
continuous linear system. A mercury regulator is such a control device 
because n = 0 for 7 in “ ^ oul < d and |/i| becomes infinite (ideally) at 
Tin — Tom = 0 and decreases as T in — T oul goes positive. Any system 
including such a control device necessarily oscillates. 

It should be noted that any continuous control system will become essen¬ 
tially on-off if the lags are held constant and the loop gain is increased suf¬ 
ficiently. The work of Turner 6 and Jelonek 6 has shown that the frequency 
of oscillation under on-ofT control is a few per cent lower than that observed 
with an oscillating continuous control, provided the system is adjusted so 
that the heater is on half the time and the controller has no backlash. If 
the heater is on for more or less than half the time, and if the controller 
turns the heater off at a higher temperature than it turns it on, the fre¬ 
quency will be lower. The amplitude of oscillation increases as one goes 
from continuous to on-ofT operation. 

• 

6 L. B. Turner, Proc. Cambridge Phil. Soc., 32, 663 (1936). 

* Z. Jelonek, Proc. Cambridge Phil. Soc., 42, 62 (1946). 
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With an on-off system it is advantageous to increase the oscillation fre¬ 
quency, chiefly by reducing the lags, as much as possible, since it is then 
easier to filter out the oscillations by interposing the thermal analog of a low- 
pass filter between the heater and any region of the controlled body of 
particular interest. Such a filter consists of thermal resistance (insulation) 
followed by thermal capacity. It may even be advantageous, in the case 
of a mercury regulator, to wind the heater around the bulb of the regulator 
to reduce lags. 

3. Comparison of Continuous and On-Off Controls 

A decision as to the type of temperature control to be preferred in any 
given application depends on several factors. Either type of control can 
be made very sensitive; however, if the sensitivity of a continuous control 
is increased to the point of sustained oscillation, this type loses some of its 
advantages, mentioned below, over the on-off type. 

High sensitivity is obtainable with an on-off controller with much simpler 
equipment than is required with a continuous controller. A mercury regu¬ 
lator with a large bulb and small capillary, used in conjunction with an 
electronic relay (page 41), is a very sensitive instrument. For higher 
sensitivity applications other types of on-off regulators are in general in¬ 
ferior. It should be noted that such a mercury regulator will be subject 
to the weaknesses of liquid-in-glass (or liquid-in-metal) thermometers 
mentioned in Chapter I (page 5), including hysteresis and pressure effects, 
and rather high lag. 

As mentioned above, the oscillations characteristic of on-off control can 
be attenuated by suitable low-pass filtering. This necessarily brings with it 
sluggish response to desired changes in conditions. On the other hand, a 
continuous system can be arranged so that it is free from oscillations and 
responds very rapidly to changes in conditions. This is illustrated in 
figure 4c for a change in input temperature. 

An on-off system should be adjusted so that the heater is on half the 
time. The control range of the system is thus limited in that only some¬ 
what less than a twofold increase in thermal demand can be handled without 
loss of control. In contrast to this, a continuous system can function 
satisfactorily when the heater output is one-tenth or less of its maximum 
value, so that a very wide control range is realized. 

In summary, it can be said that in applications where the temperature 
of the controlled body is to be changed rather frequently, and where the 
thermal load on the control system is subject to sudden changes, as by 
immersing an object initially at a different temperature in the controlled 
body, the considerable added expense and complication of a continuous 
control device is probably well worth while. For example, with the device 
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described on page 43 it is perfectly possible, after suitable calibration, to 
set the input temperature to any desired value with a precision of a few 
thousandths of a degree within a 50 to 100° range. The system, if left to 
itself, will reach this temperature at a rate determined by its natural 
cooling rate or by the maximum available heater output. 

In applications where the control temperature is seldom if ever changed, 
where the oscillations of an on-off system are not objectionable or can be 
satisfactorily filtered out, and where the thermal demand on the system re¬ 
mains reasonably constant, the on-off type of controller should be used. 

III. ON-OFF CONTROL DEVICES 

Many control devices of the on-off type have been described in the litera¬ 
ture. We will here briefly mention some of the more important of the on- 
off comparison elements, and describe a convenient controller for use pri¬ 
marily with mercury regulators. 

1. Mercury Regulators 

The most convenient means of temperature control is afforded by the 
familiar mercury regulator in conjunction with an electromagnetic relay. 7 
Several points of importance in connection with this type of regulator 
should be mentioned. 

(а) Fouling of the mercury surface in the capillary, with accompanying 
excessive sticking of the meniscus, results from the sparking which takes 
place when the relay current is broken. This difficulty is largely eliminated 
by employing an electronic relay, such as that described on page 41, so 
that the current at the mercury contact is only of the order of microamperes. 
With such a relay it becomes possible further to diminish sticking of the 
mercury meniscus by transmitting vibration to the regulator from the 
stirring motor, since there is no mechanical relay to undergo “chattering.” 
Simple circuits, in which the output of a vacuum tube is used to control a 
mechanical relay, have been described by Redfern 8 and others. 

(б) The sensitivity of the regulator is increased by filling it with a liquid, 
such as toluene, having a higher coefficient of expansion than mercury. Of 
course, mercury is used in the part of the regulator at which the circuit is 
made and broken. 

(c) The lag of the regulator is decreased by increase of the ratio of its 
surface to its volume, and by enclosing the bulk of the mercury in a thin 
stainless-steel container, using glass or plastic only for the capillary. 

7 See R. L. Weber, Temperature Measurement and Control. Blakiston, Philadelphia, 
1941, p. 189. 

8 S. Redfern, Ind. Eng. Chem., Anal. Ed., 14, 64 (1942). 
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Gouy 9 has shown that if a short vertical oscillation, of period short 
compared to the control period, is given to the contacting wire in the capil¬ 
lary, the regulator becomes an essentially continuous device. This ingeni¬ 
ous scheme has been very seldom applied. 

2. Other On-Off Comparison Elements 

Bimetallic elements are widely used, particularly for relatively rough 
temperature control. Resistance thermometers and thermocouples have 
been used in on-off systems. The output of the thermometer bridge or 
thermel requires amplification before it can operate a relay; this amplifica¬ 
tion can be accomplished by a galvanometer-photocell system. 10 

3. An Electronic Relay 

The effectiveness of an on-off system controlled by a mercury regulator is 
considerably improved by replacing the usual electromagnetic relay by an 
electronic relay, chiefly because this permits reducing the current through 
the regulator contact to a very low value. One of the most satisfactory 
types of electronic relay uses a thyratron tube since the high current-carry¬ 
ing ability of these tubes is ample to handle directly the heater current in 
most applications. 

The circuit 11 of figure 5 has been found to be very satisfactory, and is 
about the simplest conceivable one for this purpose. The 6.3-v. trans¬ 
former supplies negative grid bias when the regulator contacts are closed; 
this transformer must be phased so that it makes the grid negative when the 
anode goes positive. When the regulator contacts are open, the thyratron 
grid is connected to the anode through a high resistance so that the tube 
“fires” during each positive half-cycle. 

The anode voltage, adjusted by means of an autotransformer, and the 
heater resistance must be arranged so that the average anode current does 
not exceed the rating of the tube. .With 110 v. applied to the tube, the 
current drawn will be approximately what the heater alone would draw' from 
a 55-v. source, since the thyratron conducts only during the positive half¬ 
cycles of the anode voltage. This circuit can be used with a Type 2050 
thyratron (with shield grid connected to cathode, and 6.3-v. filament 
supply) if 100 ma. is sufficient heating current. A Type FG-57 allows a 
maximum heating current of 2.5 amp. 

9 M. Gouy, J. phys., 6, 479 (1897). See also T. S. Sligh, J. Am. Chem. Soc., 42, 60 
(1920). 

10 J. A. Beattie and D. D. Jacobus, J. Phys. Chem., 34, 1254 (1930). 

11 This circuit is due to Darwin J. Mead of General Electric Company, Schenectady, 
N. Y. 
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Three points about this circuit may be noted. One side of the circuit is 
grounded through the 110-v. supply; a polarized plug should be used at 
the input to prevent having the “grounded’' side of the circuit at 110 v. 
a. c. relative to actual ground potential. An FG-57 has to heat up for 
five minutes before anode voltage is applied to it, or the tube life will be 


Heoter 



much shortened. It is therefore advisable to put a suitable time delay 
relay 12 in the anode circuit to avoid accidental premature energizing of the 
anode circuit. Finally, if there is no need for either side of the regulator 
to be at ground potential, the grid voltage can be taken from the un¬ 
grounded side of the filament transformer, the regulator being placed be¬ 
tween the transformer and the 100-k. resistor. 

IV. CONTINUOUS CONTROL DEVICES 
1. Resistance Thermometer Control Devices 

The majority of continuous control systems described in the literature 
have used resistance thermometers. It should be noted that carefully 
wound, strain-free thermometers are required if control free from slow 
drifts is to be obtained. Experience has shown that thermometers used 
in any type of liquid bath should be enclosed to prevent access of the bath 
liquid to the windings. 

Resistance thermometers are always used in Wheatstone bridge ar¬ 
rangements. Use of two thermometers in opposite arms of the bridge gives 
twice the output for a given temperature as is obtained with one thermome¬ 
ter. Pure nickel (such as Alloy 99 manufactured by Driver-Harris Com- 

11 For example, General Electric Cat. No. CIt 2820-1736A2. 
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Harrison, N. J.) has a temperature coefficient of resistance almost 
f“fii’ .w of platinum, so that greater sensitivity is obtained with ther¬ 
mometers constructed of this material. The bridge may be energized by 

direct or alternating current. . 

The output of a d. c. bridge may be used with a galvanometer-photocell 

hase shifting thyratron circuit” to give continuous control. Other 
themes for amplification are conceivable but apparently have not been 
actually worked out. 

Alternating current thermometer bridges have been used with a variety 

f controllers. Turner 14 amplified the bridge output and applied the am- 
°lified signal directly to the heater. Benedict, 16 Sturtevant, 16 Bancroft, 17 
P d Roberts 18 used bridge arrangements that gave voltages the phase ol 
which varied with bridge off-balance; the voltage of varying phase was 
lified ant | US ed to control a thyratron. Penther and Pompeo 19 used 
the output of a pair of small thy rations to control a saturable reactor, and 
added automatic gain control to avoid the loss of control experienced with 
the circuit of Sturtevant 1 * at temperatures a few tenths of a degree above the 
control temperature. 

Other continuous systems employing resistance thermometers have been 
described by Coates 20 and Yates. 21 


2. A New Resistance Thermometer Controller 

In this section we describe a continuous control circuit which has not 
been previously described. This circuit is a considerable improvement 
over the one 16 previously published by the author, and is much simpler to 
construct and operate. The data of figure 4 were obtained with this cir¬ 
cuit in the oil thermostat described briefly on page 35. Figure (5 gives a 
temperature record which illustrates the precision of control obtained with 
this system. Very slow drifts, not apparent in figure (>. have occurred 
with this system which were due to control thermometer instability. Be¬ 
cause of the high loop gain of the system, line voltage and tube changes 

« R. M. Zabel and It. R. Hancox, Rev. Sci. Instruments , 5, 28 (1934). J. A. Beattie, 
Proc. Am. Acad . Arts Sci., 69, 389 (1934). P. Wright, J. Sci. Instruments, 24, 258 
(1947). 

14 L. B. Turner, J. Inst. Elec. Engrs., London, 81, 399 (1937). 

,s M. Benedict, Rev. Sci. Instruments, 8, 252 (1937). 

»• J. M. Sturtevant, Rev. Sci. Instruments, 9, 276 (1938). 

17 D. Bancroft, Rev. Sci. Instruments , 13, 24, 114 (1942). 

'* H. S. Roberts, in Temperature, Its Measurement and Control in Science and Industry, 
Reinhold, New York, 1941, p. 604. 

19 C. J. Penther and D. J. Pompeo, Electronics, April, 1941, p. 20. 

*° G. E. Coates, J. Sci. Instruments, 21, 86 (1944). 

21 E. L. Yates, J. Sci. Instruments, 23, 229 (1946). 
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have very little effect on the control temperature. The circuit shows no 
tendency to lose control as a result of excessive temporary values of T in — 
T oul ; the heating current stays on with T ollt many degrees below T int 



and stays off with 7’ out many degrees above T ia . 

The circuit is illustrated in figure 7. The control 
thermometer is a 100-ohm resistance thermometer 22 
serving as one arm of a Wheatstone bridge (Fig. 7a). 
Adjacent to the thermometer in the bridge is a variable 
arm composed of a 50-ohm fixed resistor, 3 decade re¬ 
sistors, and a slide wire having a resistance of somewhat 
more than 0.1 ohm. The slide wire must have a very 
constant contact resistance. A satisfactory slide wire 



may be obtained from Technology Instrument Company , 
Cambridge, Mass.; or a straight piece of No. 20 con- 
stantan or manganin may be used, with an •‘alligator” 
slip serving as contactor. All resistors in the bridge 
must be of high quality, wound of manganin wire. The 
bridge input is supplied by a shielded transformer (T3, 
Fig. 7b). 

The bridge output is transformer coupled to the con¬ 
trol grid of VI in the control circuit (Fig. 7b). It is 
important that a high-quality transformer with low hum 
pickup be used here. Another sine wave, approximately 
90° out of phase with the bridge output, is applied to 
the cathode of VI. The output of VI is thus a sine 
wave the amplitude and phase of which change as the 
bridge goes through balance. This sine wave is con¬ 
verted to a more or less symmetrical square wave by the 
limiting amplifier stages V2 and V3A; the square wave 
is “differentiated” by the C7-R9 combination and further 



amplified. The output of V3B consists of alternate 
positive and negative pulses, each lasting less than half a 
cycle. Sufficient grid current is passed by the thyratron 
V4 during each positive pulse to develop a negative bias 

Fig. 6.—Typical temperature control obtained with the circuit 
of figure 5 and the bath described on page 35. Control to =*=0.001 ° 
over periods of several hours is realizable even with a rapidly re¬ 
sponding system. 


M Leeds & Northrup Co., Philadelphia, Pa., manufacture a 100-ohm nickel thermometer 
(catalog number 8180-3) which is satisfactory. This instrument is equipped with three 
leads, so that, the effect of changes in the lead resistances can be eliminated. A ther¬ 
mometer of very low lag is obtainable from Paul Wcillcr, 95 Broad St., New York, N. Y. 
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.,, p thv ratron grid. The thyratron conducts only when its anode s 
°" live and its grid voltage exceeds a certain small voltage. If a positive 
P °ill which is of the order of 50 v. in amplitude, from V3B arrives at 
P u te fhvratron grid while the thyratron anode is positive, the thyratron 
th ll conduct for the remainder of that positive half-cycle. As the phase 
"f the nositive pulse is varied by changing bridge output, the thyratron 
° f i. conduct for greater or lesser fractions of each positive half-cycle so 
. continuous control of the average heater current is obtained. A 
Lcrcurv vapor thyratron, such as the FG-57 (maximum average current = 
^ amp ' maximum wattage on 110 v. = 120 w.), may be employed 
•A fairlv heavy thermal loads, or a tube such as the 2050 (maximum 
average current = 100 ma; maximum wattage on 110 v. = 5 w.) with 

llg Severa1 S pointS require special attention. Considerable care has to be 
ised in the layout of the various ground circuits. In particular, it is 
t nermissible to ground the thyratron cathode through any part of the 
molifier ground system, since the heavy thyratron current would then 
develop voltages in the amplifier. All grounded points in the first amplifier 
stage should be connected at a common point. Shielded cable should be 
used between the bridge and the amplifier input jack. 

It is necessary to balance out stray capacity to ground by placing a 
capacity between either 1 or 2 (Fig. 7a) and ground. This balancing oper¬ 
ation is carried out by adjusting the variable arm of the bridge and the 
capacity between / or 2 and ground until a minimum is obtained at the 
arid of V2B (Test Point 2, Fig. 7b), with RIG set to give zero voltage ap¬ 
plied to the cathode of VI. The voltage at Test Point 2 is best observed 
with an oscilloscope, or a sensitive vacuum-tube voltmeter. It is not 
possible to obtain a null in this balancing operation because of harmonics 
in the 110 v. a. c. supply and ripple from the power supply. A minimum 
of 0.1 to 0.2 v. should be obtained. If the setting of the bridge is changed 
appreciably, it may be necessary to change the balancing capacity. 

The circuit operates satisfactorily for line voltages from 90 to 130 volts. 
If the control thermometer is in very good thermal contact with the con¬ 
trolled body, so that the current flowing through it does not heat it appre¬ 
ciably above the temperature of the controlled body, variation of line 
voltage between the above limits has practically no effect on the control 
temperature. Resistor R22 must be chosen to balance independence of 
line voltage against desired sensitivity for a given thermometer design. 

The phase of the voltage applied to the cathode of VI is adjusted by 
means of R18 so that the thyratron current is no more than half its maxi¬ 
mum value, with the bridge output shorted out. The maximum thyratron 
current is readily observed by closing switch SI. The amplitude of this 
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ltaee is adjusted by Rlti, and should be large enough to give smooth 
• fion of thyratron current as the slide wire is varied. Increasing this 
va "*L, decreases the sensitivity. The heater resistance and any uncon¬ 
trolled heat input should be adjusted so that the bridge is approximately 

b 'The'current through the thyratron and heater circuit builds up very 
llv in each positive half-cycle, rising to its proper value in a fraction ol 
' aP ..rosecond. Because of this there is radiation of radio-frequency powei 
a ™ , ,... llses a loud 60-cycle note in radio receivers over a considerable 
r . nee Choke 1,2 and condenser C12 slow up the rise time of the current 
o that there is no troublesome radiation, without affecting the average 
value of the current appreciably. 

, . noted on page 42, the FG-57 requires a o-minute heating period be¬ 
fore anode voltage is applied to it, so that a time delay relay may be profit¬ 
ably added to the circuit. 

In some applications the resistance thermometer could be advantageously 
replaced by a Thermistor (page 12), with suitable changes being made in 
the other arms of the bridge. 


Fig 7 —Thermometer bridge (a) for use with thyratron temperature control 

circuit (b). 
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V. COMMERCIALLY AVAILABLE LABORATORY 
TEMPERATURE CONTROLLERS 

Control equipment with which laboratory thermostat* of moderate pre¬ 
cision can be quickly and easily built up is available from several manu¬ 
facturers. We mention below a small fraction of such commercially avail¬ 
able equipment. Laboratories which have adequate construction facilities 
can produce temperature control devices and systems to their own design 
at less expense than is involved in the purchase of ready-made equipment. 

The American Instrument Company , of Silver Spring, Md., offers a rather 
wide range of temperature control systems, using either their convenient 
bimetallic regulators or their metastatic mercury regulators. The latter 
instruments are adjusted by altering the amount of mercury in the ther¬ 
mometric system, somewhat as in a Beckmann thermometer. This con¬ 
cern has made a considerable study of the problem of temperature control, 
and has made control systems of high precision on special order. 

Bimetallic regulators of conventional type and mercury regulators, as 
well as complete control systems, arc also available from a number of other 
apparatus supply houses. 

An interesting type of bimetallic regulator, called a Thermoswitch, is 
manufactured by Fenwal, Inc. t of Ashland, Mass. This device consists of 
an outer tube of metal having a high temperature coefficient of expansion 
and enclosing a pair of electrical contacts supported on metal strips having 
a negligible expansion coefficient. Wien the outer tube becomes longer 
with an increase in its temperature, the electrical contacts are pulled apart. 

An electronic relay which is actuated by an ordinary thermometer is 
available from Niagara Electron Laboratories , Andover, N. Y. This de¬ 
vice, which has the trade name Thermocap, is sensitive to small capacity 
changes such as are produced by the motion of the mercury column of a 
thermometer between two small electrodes placed around the thermometer 
stem. The manufacturer states that, with a thermometer calibrated in 
tenths of a degree, the output relay operates with a backlash of about 0.02°. 

A control device made by W. S. Macdonald Company , Cambridge, Mass., 
uses a resistance thermometer and a phase-controlled thyratron to give 
continuous control with a reported precision of about 0.05°. 

General References 

American Institute of Physics, Temperature , Its Measurement and Control 
in Science and Industry. Reinhold, New York, 1941. 

Griffiths, R., Thermostats and Temperature-Regulating Instruments. Griffin 
London, 1943. This book is concerned chiefly with industrial regulators. 

Weber, R. L., Temperature Measurement and Control. Blakiston. Philadel¬ 
phia, 1941. 
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I. INTRODUCTION 


The freezing point or melting point of a pure compound is the tempera¬ 
ture at which solid crystals of the substance are in equilibrium with the 
liquid phase under its own vapor pressure. If this equilibrium condition 
is approached by cooling the liquid, the temperature is commonly called 
the freezing point, and if approached by heating the solid, it is designated 
as the melting point. Since, for most practical purposes, the effect of at¬ 
mospheric pressure upon the equilibrium temperature is negligible, the 
melting point is usually taken with the equilibrium mixture in contact 
with air. The melting temperature is thus not a true triple point, but 
differs from it by a very small temperature interval (0.008° C. in the case 
of water), 1 too small to be measured by the ordinary types of melting- 
point apparatus. 

The effect of very high pressures on the melting temperatures of many common 
organic liquids has Iwen investigated* with the following rather startling melting 
points at 35,000 kg. per cin.* (33.NK0 atm.) pressure: for water 166.0° C. instead 
of the usual 0° C.; for ethyl alcohol 109° C. instead of -117.3° C.; for n-butyl 
alcohol 155° C. instead of -89.8° C.; for n-propyl bromide 169° C. instead of 
— 110° C.; and for carlmn bisulfide 209° C. instead of — 111.6° C. 

According to thermodynamic definition, “freezing point” and “melting 
point,” terms frequently used interchangeably, designate the same tem¬ 
perature. For solid substances which melt without decomposition, the 
melting point has become the most important physical property in prac¬ 
tical organic chemistry. It is usually the first property determined on a 
newly synthesized compound, being a basis for characterization, identi¬ 
fication, and estimation of purity. 

Numerous reasons can be cited why the organic chemist has chosen the 
melting point rather than another property for this purpose. As generally 
determined, only small amounts of material are needed for the melting- 
point determination, and the procedure and equipment required are very 
simple The melting point is practically independent of pressure and 
can, therefore, be taken without making extra physical measurements or 
corrections, as is necessary, < for example, with the boiling-point determina¬ 
tion. The change from solid to liquid usually occurs without such trouble¬ 
some effects as superheating and its accompanying sources of error. Rela¬ 
tively few substances, furthermore, decompose when heated to the melting 

Now Yofk“S, ^ ^ AppliaUions - 8th ed " W“ans, Green, 

* P. W. Bridgman. ./. Chem. Phys., 9, 794 (1941). 
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point. The “mixed melting-point” method of identification is especially 
effective since the melting point is not, as a rule, an additive property. 

One of the most important applications of the melting point is its use as 
a criterion of purity. If a substance is pure, the melting point will usually 
he sharp. With mixtures, melting usually occurs over a range of tempera¬ 
tures; and, conversely, melting over a range practically always indicates 
that the material is a mixture. 

In the case of some isomeric substances, a mere comparison of the melting 
points can be used in the identification of the isomers. For example, it is 
possible to distinguish the para from the ortho or the meta isomers by the 
fact that the para has the highest melting point of the three. 

In spite of the advantages enumerated above, the determination of 
melting point presents to the observer many occasions for misinterpreta¬ 
tion of data. The most useful applications can be made only if the organic 
chemist has a thorough knowledge of the possibilities involved. This chap¬ 
ter is concerned with the uses to which the melting-point method may be 
applied with a description of methods of measurement and with a dis¬ 
cussion of sources of error which may arise in the interpretation of melting 
points observed by various experimental methods. For additional de¬ 
tails on the subjects discussed in this chapter consult the general references 
on page 104. 

The precision with which the melting point should be determined varies 
with the information desired. For ordinary purposes of characterization 
or identification, the capillary-tube method gives results of adequate 
accuracy—in fact, if the compound is known to be one of several possi¬ 
bilities, an approximate melting point may be sufficient to establish its 
identity. If the compound is a new one, greater precision is required be¬ 
cause the melting point reported should be sufficiently accurate to dis¬ 
tinguish the material from others which melt at approximately the same 
temperature. For very high precision, the cooling-curve method may be 
resorted to for obtaining true equilibrium between solid and liquid. 

Discretion must also be used in the choice of the temperature-measur¬ 
ing device so that it may be appropriate for the accuracy desired. The 
careful investigator uses well-calibrated instruments. lie is always cogni¬ 
zant of the sources of error and, if they are significant, either eliminates 
them or, when possible, applies a correction. These factors have already 
been discussed in Chapter I. 

When the melting point is used as an indication of purity, some knowl¬ 
edge of the behavior of binary mixtures is valuable for proper interpreta¬ 
tion of the data obtained. Some of the factors affecting the melting point 
of such mixtures as shown by the freezing-point equation will be considered 
first. 
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THE FREEZING-POINT EQUATION 

In the case of a mixture containing a large amount of component A and 
a small amount of a second component, B, as for example a nearly pure 
organic compound, the melting point of the mixture will usually be lower 
than that of pure A. The extent of the lowering depends upon a number 
of variables and may be estimated by calculation on the basis of certain 
assumptions. If the two components form an “ideal solution, the addi¬ 
tive properties of the solution are linear functions of its composition. I hus, 
the partial vapor pressure, or the activity, of each component is, as defined 
by Raoult's law, proportional to its mole fraction. Using this relation 
with the familiar Clausius-Clapeyron equation as applied to a liquid mix¬ 
ture in equilibrium with crystals of pure A, it is possible to derive the 

freezing-point law. . . . , 

Starting from the Clausius-Clapeyron equation or from the second law 
of thermodynamics it can be shown 1 on the basis of certain assumptions 

that: 

where p is the partial pressure of component A, p* is the vapor pressure of 
pure A at the same temperature, A H is its molar heat of fusion, It is the 
constant of the ideal gas law, and T is the equilibrium temperature in de¬ 
grees absolute. The lowering of the melting point or freezing point of 
component A can be determined by integrating this equation between the 
limits To to T, To being the freezing point of pure A. Thus, if A H is con¬ 
stant, we obtain: 

p A H A H _ _ bH{Tp — T) 

ln Po = Wo “ RT “ RTTo 

Raoult’s law may be written: 

p = N.kPo 

moles of A 

where N A = mole fraction of A - total num ber of moles in mixture* 


Then we may write: 

In N a = 2.303 log N x 


AH(Tp - T) 
RTTo 


1 For complete derivation of this equation sec S. Glasstone, Textbook of Physical 
Chemistry, 2nd ed., Van Nostrand, New York, 1946, p. 644. 
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or: 


log A r A 


AH _ AH 

2.303 RT 0 2.303 RT 


( 1 ) 


It follows from equation (1) that if AH is constant over the temperature 
range considered, the plot of log Nk against l/T should give a straight line 
whose slope is (— A///2.303/2) and whose upper limit is log N\ = 0 at the 
freezing point of pure A. Thus the complete solubility curve in any ideal 
solvent may be found for a given solute either by calculation or graphi¬ 
cally, if its melting point is known together with either its heat of fusion or 
a single solubility value. 

If AT = T 0 — T , we obtain an expression for the freezing-point lowering, 


AT: 


AT 


RTTp 

AH 


In N a 


2.303 RTT 0 
AH 


log N a 


( 2 ) 


The derivation of these simplified equations describing the extent of 
freezing-point lowering caused by impurities in A involves the following 
assumptions: ( 1 ) that the components in question are mutually ideal; 
( 2 ) that the vapor over the liquid and solid at equilibrium behaves as an 
ideal gas within the temperature and pressure ranges involved; (5) that 
the volumes of the liquid and solid phases are negligible in comparison with 
the corresponding volume of vapor. From equation (1) it is possible to 
calculate AT with fair accuracy even in concentrated solutions for sys¬ 
tems of two components which behave in an ideal manner. In some 
instances, where the necessary data are available, it is possible to obtain 
more accurate values by taking into account the slight differences due to 
the assumptions mentioned. 4 

From equation (2) it is apparent that the freezing-point (melting-point) 
lowering observed for substance A is a direct function of the mole fraction 
of A in the mixture, that it is inversely proportional to the molar heat of 
fusion of A, and that it is directly proportional to the product of the 
freezing points of the mixture and of pure A. in degrees absolute. The 
depression is thus independent of the kind of impurity present provided 
ideal solutions are formed. Thus, 1 mole per cent of any substance or 
mixtures of substances forming an ideal solution will lower the freezing 
point of benzene by 0.65° C. Naphthalene, biphenyl, and benzene form 
mutually ideal solutions of this nature, and the complete binary freezing- 
point lowering curves show, as expected, that this relation holds even in 
concentrated solutions. In extremely dilute solutions all substances 
are said to exhibit ideal behavior. However, this generalization does 

4 J. H. Hildebrand, SolubUity of Non-tlcdrolyUs. 2nd ed., Reinhold, New York, 
1936. 
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Table I 

Calorimetric Heats of Fusion 


Acetic acid 

Aniline 

Anthracene 

Benzene 

Benzoic acid 

Benzophenonc 

Biphenyl 

Butyl alcohol ( terl) 
Camphor 
Capric acid (n) 
Cetyl alcohol 
Cyclohexanol 
Dibenzyl 

Dichlorobenzene (p) 
Ethylene dibromide 
Methyl cinnaraate 
Naphthalene 
Nitrobenzene 
Stearic acid 
Trichloroacetic acid 
Triphenylmethane 
Water 


M. p.. • C. 

Mol. wt. 

cal./g. 

Ml 

cal./mole 

aT for 0.1 

mole fraolion 
of impurity 
(ealed.) 

16.55- 

60.05 

46.7* 

2800 

6.14 

-6.15- 

93.12 

27.1- 

2520 

5.79 

216.5- 

178.22 

38.7' 

6890 

7.18 

5.45- 

78.11 


2370 

6.69 

122.45- 

122.12 

33.9* 

4140 

7.76 

47.85- 

182.21 

23.5* 

4280 

4.96 

68.6' 

154.20 

28.8' 

4440 

5.42 

25.4* 

74.12 

21.43* 

1590 

11.29 

178.4* 

152.23 

10.74* 

1650 

24.27 

31.3- 

172.26 

38.8* 

6680 

2.88 

49.10- 

242.44 

33.8* 

8190 

2.63 

25.46- 

100.16 

A.21 4 

428 

38.03 

51.2- 

182.25 

30.7' 

5600 

3.88 

53.2- 

147.10 

29.7* 

4370 

5.02 

9.97- 

187.88 

13.5* 

2540 

6.45 

34.5* 

162.18 

26 5* 

4300 

4.54 

80.22- 

128.16 

35.8- 

4590 

5.60 

5.65- 

123.11 

23.53- 

2900 

5.50 

68. as 

284.47 

47.5* 

13510 

1.80 

59.1* 

163.4 

8.6* 

1405 

15.67 

92.1/ 

244.32 

21.1' 

5160 

5.33 

0.0 

18.00 

79.67' 

1434 

mam 


* Landolt-Bornstein, Phvsikalisch-Chemische Tabellen, Erg. HI a, Table 84. 

>Ibid., Erg. IHc,Table305. •/Wd., Erg. D b, Table305. . „ „ 

- Ibid., Erg. I, Table305. •Ibid., Erg. HI c, Table 313. / G. S. Parks and H M. Huff¬ 
man, Ind. Eng. Chem., Ind. Ed., 23, 1138 (1931). * International Critical Tables. \ ol. 
V, McGraw-Hill, New York, 1929, pp. 132-134. 


not hold without qualification. For instance, in the classical case of 
electrolytes in ionizing solvents, the deviation from the behavior predicted 
by the ideal freezing-point equation increases with the dilution. 

The magnitude of the molar heat of fusion of component A is an im¬ 
portant factor when the melting point is used as a criterion of purity. 
Substances such as camphor or cyclohexanol, which have very low molar 
heats of fusion, will exhibit’a large lowering of the melting point with only 
very small mole fractions of impurity. On the other hand, a solvent with 
a relatively high molar heat of fusion such as stearic acid will show very 
little change in melting point with even a high concentration of solute. 
Table I shows a comparison of the molar heats of fusion for a number of 
substances and the freezing-point lowering (A T) for one-tenth mole fraction 
of impurity calculated from equation (2) by the method of successive ap¬ 
proximations. 

The extent of melting-point lowering of a given substance is a function 
also of its melting point in degrees absolute. A compound with a high 
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melting point will show a greater AT for a given mole fraction of impurity 
than a solvent with a low melting point, other things being equal. Thus, 
anthracene (AH = 6890 cal.) and capric acid (AH = 6680 cal.) (see Table I) 
have nearly identical molar heats of fusion, but since their melting points 
are 489° and 305° K., respectively, anthracene will in the ideal case show a 
lowering about 2.5 times as great as that of capric acid for 1 mole per cent 
of an impurity. 

In establishing purity or identity, it is therefore evident that the mere 
comparison of melting points will afford more valid conclusions if the 
heat of fusion of the substance is also available for the interpretation. 
A freezing point which is “within a few degrees of the true value” does not 
in all cases indicate the same degree of purity. Consider, for instance, 
samples of camphor and trichloroacetic acid, each melting 2.0° C. below 
its true melting point. Calculations from equation (2) and table I indi¬ 
cate that this lowering corresponds to only 0.8 mole per cent of impurity 
in the camphor but to 13 mole per cent in the trichloroacetic acid. 

In this connection, it is interesting to note that the use of melting points 
has been suggested as a method of analyzing binary fatty acid mixtures. 
The accuracy required by this application is shown by the fact that 1.0 
gram of palmitic acid in the presence of 9.0 grams of stearic acid would 
lower the melting point of the stearic acid from 69.4° to 67.1° C., a differ¬ 
ence of only 2.3 degrees. 5 The depression is small because stearic acid 
has a relatively low melting point and a high molar heat of fusion. These 
factors conspire to cause a large amount of impurity to have relatively 
little effect on the melting point of the stearic acid. 

It should be pointed out that even dissolved air, like any other impurity, 
lowers the freezing point. For practical purposes this effect is negligible 
since the solubility of air is slight. Richards and coworkers, 6 for example, 
showed that dissolved air in benzene depressed its freezing point by 0.031° 
C. In actual practice this effect was offset, however, by the effect of at¬ 
mospheric pressure so that the observed difference between the freezing 
point in air and the triple point was only 0.003° C. 

2. Systems That Deviate from Ideality 

In contrast to the binary systems considered above, most of the mixtures 
encountered by the organic chemist are not ideal in that they do not 
follow Raoult’s law. The lowering of the freezing point is a colligative 
property calculable from the freezing-point equation for ideal cases; it is 

5 J. C. Smith, /. Chem. Soc., 1936,625. 

W ' Richards ' E. K. Carver, and W. C. Schumb, /. Am. Chem. Soc., 41. 2019 
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possible in some instances, therefore, to explain the observed deviations 
from ideality in terms of known characteristics of the substances involved. 
A few of the more common causes for such deviations are mentioned in the 
paragraphs below. The term "solvent” is used here with reference to the 
substance which first freezes out of solution. 

(/) If the solute is known to associate to form dimers or trimers, the 
number of effective molecules in the system will be reduced accordingly, 
and the observed lowering of the freezing point will be less than that pre¬ 
dicted for the ideal case. Acetic acid is such a substance, and its lowering 
of the melting point of naphthalene, indicated graphically in figure 1, is 
less than that of benzene or biphenyl, both of which show essentially 
ideal behavior in naphthalene. 



Fig. 1.—Lowering of the freezing point of 
naphthalene (data from Ward 7 and Skau 7a ). 


(2) Another very common form of deviation occurs when the solvent and 
solute, A and B, combine partially in the liquid phase to form a third 
substance, AB. In such cases, the deviation from ideality is often said 
to be due to solvation, or molecular compound formation. The formation 
of AB does not increase the number of solute molecules in the solvent but 
actually decreases the number of molecules of free solvent remaining. The 
mole fraction of solvent is, therefore, smaller, and the mole fraction of 
solute greater than expected, so that the depression of the freezing point is 
more than that predicted by the freezing-point equation. m-Dinitro- 
benzene forms such a molecular compound with naphthalene; the resulting 
melting-point curve of mixtures of these two substances is shown in figure 1. 
Picric acid in naphthalene would be expected to show a similar deviation, 

7 H. L. Ward, J. Phys. Chem., 30, 1316 (1926). 

7a E. L. Skau, J. Am. Chem. Soc., 52, 945 (1930). 
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since the compound, naphthalene picrate, is readily formed, having a 
melting point of 149° C. 8 

( 3 ) In some cases, the solute molecules dissociate to form two or more 
molecules, thus increasing the effective mole fraction of the solute and 
giving rise to freezing-point depressions greater than those calculated for 
the ideal case. Hexaphenylethane dissolved in naphthalene dissociates 
partially to form the triphenylmethyl radical, and the observed melting 
points for the mixture are lower than those for benzene in naphthalene. 8 
This behavior for the analogous case of tetraphenyl-di-0-naphthylethane 
in benzene will be discussed in connection with figure 18. Similarly, naph¬ 
thalene picrate has been shown to dissociate into naphthalene and picric 
acid when dissolved in alcohol, acetic acid, or benzene. 10 This phenomenon 
corresponds to the well-known abnormal depression of the freezing point 
of water by the addition of electrolytes. 

The above deviations represent typical cases which may be explained 
in a simple manner. Often, however, an explanation is not possible be¬ 
cause the system is too complicated or because the behavior of the system 
is not sufficiently known. In determining the molecular weight of a sub¬ 
stance by melting-point or freezing-point depression, the experimenter must 
always keep in mind possible causes of deviation and their effect on the 
results obtained. A solute which dissociates docs not always cause an 
abnormally high freezing-point depression. In naphthalene, for example, 
naphthalene picrate dissociates to some extent to form naphthalene and 
picric acid. 11 The solvent, naphthalene, will therefore be increased in 
mole fraction by an amount depending upon the extent of dissociation, so 
that the observed depression of the melting point of naphthalene will 
not be greater, but less, than that predicted from ideality. 

Other possible causes for deviations from the freezing-pointsolubility law 
have been the subject of investigations by Hildebrand 4 and others. 7 

3. Cooling and Heating Curves 

Extending the original definition of the freezing or melting point of a 
pure compound to include impure compounds or mixtures, one may de¬ 
fine the melting point as the temperature at which a liquid of given com¬ 
position is in equilibrium with the type of crystals which form on initial 
crystallization. When heat i§ added to such an equilibrium mixture, 
more crystals will melt (or dissolve in the liquid phase); and when heat is 

8 International Critical Tables, Vol. IV. McGraw-Hill, New York, 1928, p. 120, System 
612. 

9 M. Gomberg and C. S. Schoepfle, /. Am. Chem. Soc., 39,1664 (1917) 

10 W. P. Jorissen and J. Rutten, Chem. Weekblad, 6, 261 (1909). 

11 R - Kremann, Monatsh., 25,1252(1904). 
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removed more crystals will form. The equilibrium temperature, i.e. t 
the freezing point, will depend only upon the composition of the liquid 
phase at any moment, and not on the relative proportions of liquid and 
solid. In general, whenever the crystals have the same composition as 
the liquid phase, no change in the liquid composition takes place during 
freezing, and, consequently, the equilibrium temperature remains con¬ 
stant; the loss of heat to the surroundings will be exactly counterbalanced 
by the heat of fusion of the crystals formed. If, on the other hand, the 
composition of the crystals differs from that of the liquid, the freezing 
temperature will change as more and more of the solid forms. This change 
is the fundamental principle behind cooling-curve and heating-curve be¬ 
havior, a knowledge of which is essential to a full understanding of melting- 
and freezing-point phenomena, abnormalities in behavior, and their signifi¬ 
cance. 

In the phase diagram for mixtures of phthalic anhydride and naphthalene shown 
in figure 2, the temperature of the freezing point is plotted against the mole per 
cent of naphthalene in the mix. The curve AC therefore indicates the freezing 



Fig. 2.—Freezing points of mixtures of 
naphthalene and phthalic anhydride. 11 


point observed for various concentrations of naphthalene. Point A represents the 
melting point of pure phthalic anhydride, namely 130.8° C. When pure liquid 
anhydride is cooled to this temperature, solid anhydride forms and, according to 
the phase rule, the temperature must remain constant as long as the two phases 
exist. Adding or subtracting heat changes only the amounts of solid and liquid 
present but does not change the equilibrium temperature. 

18 Data for figures 2, 3, 4, 5, 6 are from International Critical Tables, Vol. IV, pp. 180, 
179, 136, 119, and 108, respectively. 
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Consider the behavior of a mixture of phthalic anhydride and naphthalene hav¬ 
ing the composition represented by point B. If liquid of this composition is cooled, 
the initial freezing point will be 124° C., at which temperature crystals of pure 
phthalic anhydride will begin to form. This removal of solvent from the solution 
will result in an increase in the concentration of the naphthalene and a further lower¬ 
ing of the freezing point as predicted by the freezing-point equation. Thus, as 
the concentration of naphthalene increases, the equilibrium temperature gets 
lower and lower (that is, AT of Eq. 2 becomes larger and larger) following curve BC. 
According to the phase rule, the presence of the additional component (naphthalene) 
permits an additional degree of freedom; hence the temperature changes. 

Cooling (or heating) curves are obtained by permitting the system under 
investigation to lose heat to (or gain heat from) the surroundings at a 
uniform rate. The temperature of the sample is then measured at con¬ 
venient time intervals during the phase change of the system. The 
temperature is plotted against the time to obtain either the heating or 
cooling curve depending upon whether heat was added to or withdrawn 
from the sample. 

Schematic cooling and heating curves for the system benzoic acid-cinnamic acid 
are shown in figure 3 along with the binary diagram for that system. (The actual 
experimental curves are not rectilinear, but show gradual rather than sharp changes 
in slope.) The cooling curve for pure benzoic acid (curve A) would exhibit a flat 
region or “halt," ab, at 121.5° C., the freezing point, after which the temperature 
would drop quite rapidly. Heating the pure solid benzoic acid (curve D) would 
cause the temperature to rise at an even rate until 121.5° C., the melting point, is 
reached. At this point, the halt ab would again appear, while the temperature 
would remain constant, until all of the benzoic acid has been changed into the 
liquid state. Actually, the degree of flatness of region ab in the heating or cooling 
curve would be limited by the ability to obtain good equilibrium between the solid 
and liquid states, a condition which is particularly difficult to attain when only a 
small fraction of the material is liquid. The heating and cooling curves for pure 
cinnamic acid would be similar to those obtained with pure benzoic acid with the 
exception that the halt would occur at 136.8°, the melting point of the pure cin¬ 
namic acid. 

Cooling a liquid solution of benzoic acid containing 2 Omole per cent of cinnamic 
acid, one would obtain schematically a curve similar to curve B in figure 3. In this 
case, the temperature would drop at a uniform rate to 105° C. At this point, c, the 
slope of the cooling curve would change, as shown, since here pure benzoic acid 
would start to crystallize from the solution. As mentioned in the case of naphtha¬ 
lene in phthalic anhydride, the temperature would continue to change because 
the concentration of solute in the solution would increase with the separation of 
solid benzoic acid. Thus the cooling curve would indicate that the temperature 
is still dropping, but at a different rate, as shown by the slope of the section cd. 
Finally, at 82° both the cinnamic acid a ad benzoic acid would crystallize from the 
solution, each in its own crystalline form, and in a ratio equal to that of the solu- 
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tion composition. The composition of the liquid would, therefore, not change 
during this part of the freezing process, and the temperature would remain con¬ 
stant. The cooling curve would exhibit a brief halt, de, at this temperature until 
all the liquid is converted into solid. This temperature is known as the eutectic 
temperature of the mixture. The eutectic composition for the system shown in 
figure 3 is 57 mole per cent benzoic acid and 43 mole per cent cinnamic acid. 

On heating a solid with the over-all composition of 20 mole per cent cinnamic 
acid in benzoic acid, the curve obtained would be the reverse of the cooling curve 
(curve E, Fig. 3). The first liquid formed at the eutectic temperature of 82° C. 




Fig. 3.—Freezing points and heating and cooling curves for mixtures 
of benzoic and cinnamic acids. 1 * 

would have the eutectic composition indicated above. The heating curve would 
exhibit a brief halt, ed, during which interval the eutectic liquid would continue to 
form until all the cinnamic acid is in the liquid solution and only pure benzoic acid 
remains in solid form. The temperature would then gradually rise, following curve 
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dc as the benzoic acid dissolves in the liquid mixture until the sample is all liquid. 
The temperature would then have reached 105°, at which point the heating curve 
would exhibit an increase in slope as shown. 

If the over-all composition of the benzoic acid-cinnamic acid mixture were the 
same as the eutectic composition, the cooling and heating curves would be like those 
shown in curves C and F of figure 3. The halt obtained would be similar in shape 
to those observed for the pure substances, but would occur at the eutectic tem¬ 
perature of 82° C. The composition of the liquid would not change during the 
crystallization process and the temperature, therefore, would remain constant 
until no more liquid remains. 

The behavior described above is typical for any system, ideal or not, 
which exhibits a simple eutectic point. 

Many binary mixtures are more complicated than those discussed above, 
in that components A and B are in equilibrium with one or more loosely 



combined compounds (e. g., AB, AB 2 , A 2 B) which usually dissociate to a 
greater or less extent in the liquid state. The compound formed may 
be one of two types according to whether it has a congruent or an "‘con¬ 
gruent melting point. A compound with a congruent melting P 0,nt h( ‘- 
haves as a pure substance since, at the melting point, both the liquid and 
the solid phases have exactly the same composition as the compound. If 
the compound has an incongruent melting point, it decomposes upon melt¬ 
ing to form another solid and a liquid, each having a composition different 
from that of the original compound. 

Phenol and a-naphthylamine combine to form a. molecular compound 
which has a congruent melting point, that is, one in which the liquid form 
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has the same composition as the solid. See figure 4. Ihis diagram can 
be divided by a vertical line at 50% composition to give two ordinary 
eutectic systems of the type discussed above. In one case, we would have 
a-naphthylamine and the a-naphthylamine-phenol compound, and in 
the second system, phenol and the compound. The system sy/n-trinitro- 
benzene and /3-naphthylamine is one in which the 1:1 compound formed has 
a congruent melting point 40° ('. higher than either of the pure compo¬ 
nents. See figure 5. 

In the'case of incongruently melting compounds, the melting point of 
the compound represents a condition of unstable equilibrium. The solid 
compound, upon melting, decomposes reversibly into a new solid phase 
and a liquid. This liquid is saturated both with respect to the compound 
and the new solid. 



Fig. 6.—Freezing points and heating and cooling curves of mixtures 
of acetic acid and dimethylpyrone. 1 * 


Such a system is illustrated by acetic acid and dimethylpyrone, which form a 1:1 
compound with an incongruent melting point. See figure 6. Upon cooling a system 
of composition B, pure dimethylpyrone would be deposited between 94° and 25° C.; 
and, at 25°, a liquid of composition D would dissolve the dimethylpyrone, pro¬ 
ducing crystals of the compound represented by a 1:1 mixture, the composition of 
the liquid phase remaining constant meanwhile until all of the liquid is exhausted. 
From the over-all composition of the system, it is evident that excess dimethyl¬ 
pyrone would remain. The same three phases would be in equilibrium at 25° 
in a system having the original composition C; but since more acetic acid would 
be present than is required to form the compound, some would remain as liquid 
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after all the solid dimethylpyrone has dissolved. Crystals of the 1:1 compound 
would then separate until the eutectic composition E is reached, when both the 
compound and acetic acid would crystallize out together as in a simple eutectic 
system. The heating curves are the reverse of the cooling curves just described, 
as can be seen from a study of curves F and G in figure 6. 


The above systems have been mixtures from which a crystalline sub¬ 
stance in definite proportions separates on freezing. Frequently this is 
not the case, and the organic chemist may often prepare an homogeneous 
crystal phase containing both components but in indefinite proportions. 
These solid solutions, or mixed crystals 
as they are sometimes called, may form 
either in all proportions or with limited 
solubility. Examples of these two 
types are illustrated by figures 7 and 8, 
in which the upper curves represent the 
liquid composition and the lower, 
dotted curves the solid composition in 
equilibrium with the liquid at the same 
temperature. Thus, points a and b 
correspond to liquid and solid compo¬ 
sitions occurring at equilibrium condi¬ 
tions. 
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There are three types of systems 
exhibiting solid solutions in all propor¬ 
tions. Mixtures of naphthalene and 
0-naphthol (Fig. 7, I) illustrate the 
type in which the freezing points of all 
mixtures are between the freezing 
points of the pure components. The 
second type (Fig. 7, II) is one in which 
the freezing-point curve passes through 
a maximum. Very few systems of this F »g- 7.—Freezing points of solid solu- 

type are known, the system d- carv- Curve I: Component ^ 

oxime and 1-carvoxime being probably " a P hthalene : B. fl-naphtbol- 

a, b„t ™, P i, i, ,h, typ , 

(Fig. 7, III) the freezing pomt passes dichlorobenzene. 

through a minimum, as illustrated by 

the system p-chloroiodobenzene-p-dichlorobenzene. It shoul ^ i 

that, in the first two types, the freezing and melting points exhibit a rise 

13 Data from International Critical Tables, Vol IV p. 155 for If P- 154 for 11 ' a "^ 
p. 123 for III. 
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due to the presence of the second component, contrary to expectations 
based upon the freezing-point equation. 

Monochloroacetic acid and naphthalene form a system (Fig. 8) in which 
a discontinuous series of solid solutions are formed upon cooling. The 

first liquid formed upon melting any 
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Fig. 8.—Freezing points of mixtures of 
naphthalene and monochloroacetic acid. 14 


mixture containing between 2 and 53 
mole per cent of naphthalene would 
have the eutectic composition of 30 
mole per cent naphthalene. Outside 
this range, the initial melting point 
as determined by a refined method 
of measurement would not be the 
eutectic temperature, but some 
higher temperature as indicated by 
the dotted curve, and the first liquid 
would have a composition indicated 
by the corresponding point on the 
liquid curve. 

Mixtures also exist which form a 
series of solid solutions with the 
same melting point. In such a case, 


since the cooling curves for all com¬ 
positions would be identical, it is 
impossible to distinguish between the two pure constituents and their 
mixtures by means of the melting point. An example of this type of system 


Table II 

Melting Points of Mixtures of d - and Z-Forms of Camphor- 


d- Camphor, % 

M. p.. • C. 


100 . 

.178.6 


86.2. 

.178.8 


81.0_ 

.178.6 


70.8. 

.179.1 


57.9. 

.178.7 

• 

48.7. 

.178.6 


30.1. 

.178.3 


19.1. 

.177.8 


11.3. 

.178.5 


0.0. 

.177.7 



- J. I). M. Ross and I. C. Somerville, J. Chem. Soc., 1926,2770. 


is that of d-camphor-Z-camphor, mixtures of which have melting points as 
shown in table II. Systems of this type are also found with the d- and 

14 Data from H. P. Cady, J. Phys. Chem., 3, 127 (1899). 
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/_ forms of camphoroxime, borneol, camphoric anhydride, and camphene. 16 

It is evident from this discussion of cooling and heating curves that, 
with some exceptions, the observation of sharp melting points is limited 
to pure substances or eutectic mixtures. In actual practice, however, the 
melting points for substances which are nearly pure appear sharp because, 
by the usual methods, the observer is unable to see the initial formation of 
the small amount of eutectic liquid. 



Fig. 9.—Observed melting ranges for mixtures 
of naphthalene and p-nitrophenol. ,# 


Consider, for example, a mixture of 1% naphthalene and 99% phthalic anhydride. 
By means of the ordinary melting-point determination in a capillary tube, the 
mixture would be found to melt very close to the melting point of pure phthalic 
anhydride (130.8° C.). An accurate heating curve would show a slight halt during 
the melting of the eutectic mixture at the eutectic temperature (64.9° C.), at which 
all the naphthalene would liquefy. The remaining solid phthalic anhydride would 
then dissolve in the mixture (if true equilibrium were preserved) until the entire 
system has liquefied at a temperature just below the melting point of pure phthalic 
anhydride. Thus the sample would actually melt over the range of 64.9° to almost 
130.8°, even though the melting would not be perceptible by ordinary technique 
until the higher temperature is almost attained. 

Figure 9 shows the observed initial and final melting temperatures observed m 
capillaries for mixtures of naphthalene and p-nitrophenol with different composi¬ 
tions. The initial melting temperatures were obtained by a special technique or 

" J * D ■ M - Ross and I. C. Somerville, J. Chem. Soc., 1926,2770. 

18 Data from H. Rheinboldt, J. praki. Chem., Ill, 242 (1925). 
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observing the “softening point.” 17 The melting ranges are indicated by the 
dotted lines. It will be noted that, for mixtures near the middle of the diagram, 
the initial melting temperature is the same as that of the eutectic mixture; but 
whenever nearly pure naphthalene or nearly pure p-nitrophenol is molted, the 
apparent melting range as observed in a capillary tube is small, although the range 
actually starts at the eutectic temperature. The very nature of the phenomenon 
is such that the appearance of the liquid is gradual and the choice of the lower 
point of the range is empirical. 

Strictly speaking, no really pure substance has ever been prepared; 
if the melting point could be determined with sufficient accuracy, any sub¬ 
stance would exhibit a certain amount of premelting. 18 In connection with 
the determination of heats of fusion, the purest water prepared by Dickin¬ 
son and Osborne of the National Bureau of Standards exhibited premelt¬ 
ing to the extent of 0.0005° C., probably because of the presence of slight 
impurities. 19 It is thus evident that sharp melting points are reported 
for substances of ordinary purity only because the observer with the 
usual apparatus is unable to see the small amount of liquid formed during 
the premelting stage. 

4. Steric Relationships from Freezing-Point Curves 

Optical antipodes often crystallize together to form a racemic compound; that 
is, they give a binary freezing-point diagram which shows 1:1 compound formation 
similar to those illustrated in figures 4 and 5 except in that they are, of course, per¬ 
fectly symmetrical. Thus, combinations of the compounds A+ and A —, B + and 
B —, and C+ and C— form the racemic compounds A+A —, B+B —, and C+C —, 
respectively. It was found by Centnerzwer 20 that a “quasiracemic” 21 compound 
of the form A-f-B— was formed between (+) chlorosuccinic acid and ( —) bromo- 
succinic acid. This fact shows, presumably, that B— has the same configuration 
as A— since it is to be expected that only similar compounds of opposite configura¬ 
tion form the quasiracemic compound. Timmermans 22 and Fredga 23 have de¬ 
veloped the use of this principle to identify relative steric configurations. Thus, 

17 H. Rheinboldt, Ber., 74, 756 (1941). H. Rhcinboldt and M. Kircheiscn, J. prakt. 
Chem., 113, 348 (1926). J. Houben, Die Methoden der organischen Chemie, 3rd cd., Vol. 

I, Thieme, Leipzig, 1925, pp. 1168-1172. 

'* E. L. Skau, J. chim. phys., 31, 366 (1934); Bull. soc. chim. Bely., 43, 287 (1934); 

J. Am. Chem. Soc., 57, 243 (1935). 

l * B. C. Dickinson and N. S. Osborne, J. Wash. Acad. Sci., 5,338 (1915). 

70 M. Ccntnerzwer, Z. physik. Chem., 29, 715 (1899). 

71 A. Fredga, Arkiv Kemi Mineral. Geol., B18, No. 4 (1944). 

77 »J. Timmermans, Bull. soc. chim. Belg., 39, 239 (1930); 40, 105, 689 (1931); 41, 
53, 399 (1932); 42, 448 (1933); 48, 33 (1939). 

73 A. Fredga, "On the Use of Melting Point Curves for the Establishment of Steric 
Relationships between Optically Active Compounds,” in A. Tiselius and K. 0. 
Pedersen, eds., The Svedherg , 1884-1944- Almqvist and Wiksells, Uppsala, 1945, pp. 
261-273. 
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f it is desired to establish the relative configurations of the optical antipodes of 
three substances, A, B, and C, this may be accomplished by obtaining binary freez- 
. point diagrams of various combinations of the antipodes and classifying the 
systems on the basis of whether or not they form a quasiracemic compound. Sup¬ 
pose, for example, the following results were obtained: 


Binary f.p. diagrams 
showing compound 
formation 

... A+B — 

... A-B + 

... A+C + 

... A-C- 

... B+C + 

... B-C- 


Then A-f, B+, and C— can be said to have the same steric configuration on the 
one hand, and A — , B —, and C+ on the other. This is true, however, only when 
the compounds A, B, and C are very similar. Often it is necessary to use deriva¬ 
tives of the original antipodes to obtain conclusive results. 

5. Melting Temperatures and Molecular Constitution 

The phenomenon of melting a crystalline solid involves the transition of the mole¬ 
cules from an ordered, crystalline lattice in which each atom or molecule occupies 
a definite mean position to a liquid state of more or less complete disorder. This 
transition occurs when the thermal vibrations of the atoms overcome the inter- 
molecular forces holding the molecules in the solid lattice. The intensity of ther¬ 
mal vibration, or temperature, required to melt the solid depends, therefore, on 
those factors involved in crystal structure and interatomic and intermolccular at¬ 
traction in the solid. Thus, although certain general relations may be observed 
between the melting point and molecular constitution of organic compounds, the 
many factors involved make the relationships necessarily complex and obscure. 

In a homologous series, the melting points of the members are related to their 
molecular weights. It has been suggested 24 that the melting points of such a series 
containing paraffin chains approach a common limit of about 120° C., but exceptions 
to this generality are numerous. For the higher members of a homologous series, 
Austin 25 has suggested the empirical formula, log M = A + BT m , where M is the 
molecular weight, T m is the melting point in degrees absolute, and A and B are 
constants characteristic of the series. A modified relationship, log M = Ao + 
Bt m , in which U is the melting point in degrees centigrade, and A 0 is the value of 
log M at 0° C., may also be written. Figure 10 illustrates the conformity of a num¬ 
ber of homologs to the modified formula; and table III gives the Ao and & c0D " 
stants for a number of series which follow the formula. 

* F 

24 J. Timmermans, Bull. soc. chim. Belg., 28, 392 (1919). See also W. E. Garner, 

C. Madden, and J. E. Rushbrooke, J. Chem. Soc., 1926, 2-198. 

“ J. B. Austin, J. Am. Chem. Soc., 52, 10‘9 (1930). 


Binary f.p. diagrams 
showing simple 
eutectics 


A+ and B-f 
A- and B- 
A+ and C — 
A- and C + 
B-f and C — 
B— and C-f 
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Fig. 10.—Relation between melting points and log M 
for homologous series: (4) n-alkyl iodides; ( B) acid 
anhydrides; (C) methyl esters of n-fatty acids; (/>) 
n-aliphatic alcohols; ( E) n-fatty acids (even). The 
abscissa is temperature ( t m ) in degrees centigrade. 


Table III 

A 0 and B Constants in the Equation Relating Melting Point and Molecular 

Weight for Homologous Series 


Series description 


Normal alkanes 
Normal alkenes-1 
Normal alkynes-1 
Normal alkdiynes-l,(n - 1) 

1 -phenyl-n-alkanes 
1-iodo-n-alkanes 
Normal alkanols-1 
Normal alkanals 
Normal alkanones-2 
Normal alkanoic acids (odd) 

(even) 

Methyl esters of normal alkanoic acids 
Ethyl esters of normal alkanoic acids 
Normal alkanoic acid anhydrides 
Normal alkanoic acid chlorides 
Normal alkane nitriles 


A% 

D 

Minimum 
number 
of C 

in the chain 



for which 
formula 
applies 

i 2.337 

0.0038 

15 

2.333 

0.0040 

10 

2.290 

0.0036 

7 

2.235 

0.0036 

11 

2.410 

0.0031 

3 

2.495 

0.0024 

4 

2.185 

0.0040 

6 

2.245 

0.0039 

4 

2.185 

0.0039 

7 

2.143 

0.0047 

5 

2.070 

0.0053 

6 

2.332 

0.0031 

8 

2.382 

0.0031 

5 

2.456 

0.0035 

4 

2.400 

0.0034 

6 

2.258 

0.0035 

5 
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For lower members of a series, the correlation between observed melting tcmper- 
. ture and that predicted by this equation is far from satisfactory. In fact, in the 
ase of certain series, such as those of the fatty acids, normal paraffins, glycols, and 
alkyl malonic acids, the phenomenon of alternation occurs—with each additional 
CH 2 alternately larger and smaller increases of the melting point are observed, de¬ 
ending on whether the number of carbons in the chain is even or odd. Neverthe¬ 
less the Austin equation may frequently be used with considerable accuracy to 
predict the melting points of new or unknown homologs of high molecular weight. 

Compounds with normal chains, in general, have higher melting points than their 
isomers. The branched molecules of high symmetry, on the other hand, usually 
have exceptionally high melting temperatures. Timmermans* 6 has suggested that 
these molecules can absorb a considerable amount of rotational energy, before their 
thermal vibrations cause a disruption of the crystal lattice. 

Certain generalities have also been noted in the relations between the melting 
points of kindred compounds. For compounds which are isomeric or of similar 
structure with the exception of a single grouping, the following general melting- 
point relations hold: 


Compound with Corresponding compound with 

higher inciting point lower melting point 

Trans . Cis 

Para. Ortho and met a 

Iodide. Bromide 

Bromide. Chloride 

Ketone. Hydrocarbon 

Alcohol. Hydrocarbon 

Amine. Hydrocarbon 

Alcohol. Ether 

Dialkyl amine. Trialkyl amine 


It has long been known that a para-disubstituted derivative of benzene has a 
higher melting point than the corresponding ortho or meta isomers. Recently a 
more comprehensive relationship has been suggested” for the melting points of 
such position isomers as summarized in the following rules which hold in a large 
number of cases but to which numerous exceptions are cited. 

Rule /. When the disubstituted benzene derivative contains one meta orienting 
group and one ortho-para orienting group, the order of the melting points for the 
isomers is: ortho < meta < para. 

Rule II. When the disubstituted benzene derivative contains only ortho-para 
orienting or only meta orienting groups, the order of the melting points for the iso¬ 
mers is: meta < ortho < para. 

26 J. Timmermans, J. chim. phys., 35, 331 (1938). 

27 A. C. Holler, /. Org. Chem., 13, 70 (1948). 
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III. TECHNIQUES AND APPARATUS 

1. Melting Temperatures from Cooling Curves 

The essential parts of an apparatus for the determination of a cooling 
curve are: a jacket to permit cooling at a slow, steady rate; an inner sample 
tube which can be heated to melt the sample; a stirrer to maintain equilib¬ 
rium throughout the sample; and a thermometer or thermocouple of low 
heat capacity to measure the temperature of the sample. A simple modified 
Beckmann apparatus which will meet these conditions and give rough cooling 
curves may be used to good advantage when 2- to 5-gram samples are 
available. This apparatus, similar in design to that shown in figure 17 
consists of two concentric test tubes, the inner one being 15 to 20 mm. 
outside diameter and 8 to 10 cm. in length, the outer one about 30 mm. out¬ 
side diameter and 12 cm. in length. The sample is placed in the inner tube 
which is fitted with a cork holding a calibrated thermometer and a wire 
stirrer. The sample is melted by the application of heat to the inner tube, 
and allowed to cool again with the outer tube in place to prevent excessive 
heat loss. Time and temperature data are taken as the sample is allowed 
to solidify with stirring. A constant-temperature bath around the outer 
tube helps to control the rate of heat loss and the rate of crystallization, 
and increases the time during which the solid-liquid equilibrium tempera¬ 
ture may be determined. 

Lynn 28 has described a more precise apparatus of this sort that is simple 
to construct and easy to operate, requiring only 1 gram of sample for the 
determination of suitable cooling curves (see Fig. 11). The jacket consists 
of a small unsilvered Dewar flask (15 mm. inside diameter X 150 mm. deep) 
inside of which is a Pyrex heater tube (13 mm. outside diameter X 90 
mm. long) wound externally with fine Nichrome wire. About 1.5 meters 
of No. 36 wire wrapped on in turns about 2 mm. apart are suitable for this 
purpose. The ends of the wire are fastened at small holes in the tube and 
attached to copper wire leads. A small amount of glass wool is placed at 
the bottom of the heater tube to support the thin-walled test tube (9 mm. 
inside diameter X 90 mm. long) holding the sample. Heating and cooling 
rates may be controlled by a rheostat or variac in series with the heater. 
I he thermometer or thermoelement placed in the sample or a separate ring 
stirrer may be used for stirring. 

In making the observations for the cooling curve, the sample is first 
melted by means of the heater and then allowed to cool slowly by read¬ 
justing the current through the heater. Some supercooling of the liquid 
should take place so that, when crystallization starts crystals are formed 

G. Lynn, J. Phya. Chem., 31,1381 (1927). 
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quickly throughout the sample; equilibrium between the liquid and solid 
phases is then retained by slow, steady stirring. Care should be taken, 
however, that supercooling not be too great, especially if the sample is 
small; otherwise the heat evolved by the formation of crystals (heat of 
fusion) may be too small to raise the temperature of the sample and the 
thermometer back to the freezing point before the entire 
mass solidifies. Time-temperature observations should 
be taken throughout the cooling process and plotted to 
show the shape of the curve. Often, crystallization of the 
supercooled liquid may have to be induced by seeding or 
by tapping the thermometer or tube, or by stirring vigor¬ 
ously momentarily. 

The time-temperature diagrams obtained by this method 
afford a good basis for determination of the freezing point 
of a substance. If the substance is pure, the observed 
temperature will remain constant at the freezing point 
for about one-half the time required for complete freezing. 

In any case, the maximum temperature attained after crys¬ 
tallization starts is taken as the freezing (or melting) point 
of the sample. 

If considerable impurity is present, the flat portion of 
the experimental curve will be much shorter, and may 
never be horizontal at all, in which case the freezing point 
obtained will be considerably lower than the true value. 

See pages 88 and 89. This apparatus is therefore not 
applicable to the determination of binary freezing-point 
diagrams. 

In determining cooling curves as outlined above, it is 
essential that the temperature gradient between the 
sample and the surroundings be not too high. If heat is 
being removed from the sample by the bath at too great a Coo'lin™ curve 
rate or if the rate of crystallization is too low, the observed apparatus 11 ^ 0 
freezing point may be lower than the true temperature of 
solidification, because the heat loss from the sample to the surroundings is 
greater than the heat of fusion supplied by the formation of crystals. This 
difficulty can sometimes be overcome by increasing the initial degree of 
supercooling, since it has been found that the rate of crystallization in¬ 
creases, within certain limits, with the extent of supercooling. The fact 
that the temperature is constant during the halt does not necessarily mean 
that errors due to the above sources have been eliminated. Hence, it is 
always desirable to repeat the determination using different degrees of 
supercooling; the highest value observed will be the most nearly correct. 
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A more refined cooling and heating curve apparatus has been described 
by Skau. 20 A 0.5-gram sample is hermetically sealed in a thin glass tube 
supplied with a thermocouple well and then suspended in an air cryostat 
the temperature of which can be accurately measured and controlled from 
200° C. down to liquid-air temperatures. The sample can be handled 
entirely in vacuo if desired and contamination is thus impossible. This is 
of great importance not only in the case of compounds which are hygro¬ 
scopic (like ethyl alcohol), or which absorb carbon dioxide from the at¬ 
mosphere (like certain amines), or which oxidize in air (like polyphenols); 
but also in the case of liquids freezing below 0° C., since at low tempera¬ 
tures the condensation of moisture and of carbon dioxide as well as the 
solution of air in the sample are very grave sources of contamination. 
Complete heating and cooling curves can be obtained without stirring and 
are thus readily reproducible. Freezing points of pure substances can be 
determined with an accuracy and a precision of about 0.03° C. 80 . This 
apparatus can also be used for the accurate determination of transition 
points 80, 81 and of the temperature at which solids melt to form liquid 
crystals and at which liquid crystals transform to the clear liquid state. 32 
Conversely, it is applicable to the calibration of single-junction thermo¬ 
couples. 80 For a more detailed description of this apparatus and tech¬ 
nique and of its use in determining heating and cooling curves as a criterion 
of purity the reader is referred to the chapter on calorimetry (page 805). 

An apparatus for determining freezing points with a precision of 0.002° 
to 0.005° C., developed by Rossini and coworkers, 88 is shown schematically 
in figure 12. The evacuated double-walled vessel A containing the sub¬ 
stance under investigation and supplied with a stopcock, B, is centered in 
the brass cylinder, /, by means of the asbestos collar, H. The cork stopper, 
C, is supplied with holes to accommodate the resistance thermometer, 
D ; a stirrer, E\ an inlet for dry air, F\ and with a small hole, not shown, 
for the “seed wire.” The liquid in the Dewar flask, G, acts as a cooling or 
warming bath. 

Temperature as measured by means of the platinum resistance thermom¬ 
eter is plotted against time as illustrated for benzene in figure 13. Curve 

* E - L. Skau, Proc. Am. Acad. Arts Sci., 67, 551 (1933). 

M E. L. Skau, J. Phys. Chem., 37, 609 (1933). 

n E - L - Skau and H. F. Meier, J. Am. Chem. Soc., 51, 3517 (1929). E. L. Skau and 
It. McCullough, ibid., 57, 2439 (1935). 

” E - L - Skau and H. F. Meier, Trans. Faraday Soc., 31, 478 (1935). 

” M a * r i A. R. Glasgow, Jr., and F. D. Rossini, J. Research Nall. Bur. Standards, 
26, 591 (1941).- A. J. Streiff and F. D. Rossini, ibid., 32, 185 (1944). W. J. Taylor and 
F. I). Rossini, ibid., 32, 197 (1944). A. R. Glasgow, Jr., A. J. Streiff, and F. D. Rossini, 
ibid.. 35, 355 (1945). 
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GUI represents the equilibrium part of the curve. From such a curve it is 
possible to determine not only the freezing point, T, of the impure sample 
but also the freezing point, T ft of the substance with zero impurity, pro¬ 
vided the curve represents true equilibrium between solid and liquid 



Fig. 12.—Freezing-point ap¬ 
paratus of Mair, Glasgow, and 
Rossini.” 



Fig. 13.—Cooling curve for de¬ 
termining the freezing point of 
benzene.” 


phases while a large fraction crystallizes, and provided the fraction of im¬ 
purity in the sample tested is small. 34 Such cooling curve data can also 
be used to calculate the amount of impurity in the sample. 33, 34 The de¬ 
gree of accuracy of the freezing point and the percentage of impurity ob- 


34 W. P. White, /. Phys. Chem., 24, 393 (1920). 
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tained by this method depends upon the validity of certain assumptions 314 
and is limited because the measurements are made on a dynamic system. 

A higher degree of accuracy in determining the freezing point, the per¬ 
centage of purity, and the corrected freezing point of the pure substance 
can be attained by means of accurate calorimetric measurements of the 
heat capacity during the melting process. Observations can thus be made, 
under static conditions, of the equilibrium temperatures corresponding to 
various fractions of the substance melted.** A detailed discussion of such 
measurements will be found in the chapter on calorimetry. 

2. Melting Temperatures by the Capillary Method 

The melting point most commonly reported by the organic chemist, 
and probably the most conveniently determined, is that obtained by pack¬ 
ing the finely divided sample in a glass capillary, immersing the tube in a 
bath whose temperature is gradually raised, and noting the temperature 
of the bath adjacent to the capillary when the substance is seen to melt. 
This method has two advantages: only a small amount of material is 
required; and a fair accuracy may be obtained with very simple equip¬ 
ment. The bath should be well stirred, heated at an even rate—about 
1° C. per minute in the vicinity of the melting point for ordinary pur¬ 
poses—-and should permit unrestricted visibility of the melting-point tube 
and the thermometer. 

The temperature at which the last crystal dissolves is usually taken as 
the melting point. As was pointed out in the section on heating and cooling 
curves, if the substance appears to melt over a range, the initial melting is 
not observable, and the initial melting point reported varies greatly with 
different experimenters. Many substances when heated in a capillary 
tube exhibit a “sintering” effect at some temperatures a little below the 
melting temperature. This sintering, or settling of the substance in the 
capillary tube, which may be due to partial melting of the solid at or above 
the eutectic temperature, gives notice that the sample is approaching the 
melting temperature. 

Certain precautions should be observed in constructing and filling the 
capillary tubes. They should be drawn down from thin-walled soft glass 
tubing to a diameter of about 1 millimeter. Smaller tubes are difficult to 
fill; and, in fact, with waxy or similar materials it may be necessary to 

“ F. W. Schwab and E. Wichers, in Temperature, Its Measurement and Control in Sci¬ 
ence and Industry. Reinhold, New York, 1941, pp. 25&-264. 

“ W - F - Giauque and R. A. Ruehrwein, J. Am. Chem. Soc., 61, 2626 (1939). R. A. 
Ruchrwein and W. F. Giauque, ibid., 61, 2940 (1939). J. G. Aston and G. H. Messerly, 
ibid., 62, 1917 (1910). J. G. Aston, R. M. Kennedy, and S. C. Schumann, ibid., 62, 2059 
(1940). 
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use tubes of slightly larger diameters. Thermal equilibrium throughout 
the sample is more easily obtained with smaller tubes. 

If large tubes are used for impure substances or binary mixtures, the 
substance next to the walls may liquefy first and allow the solid to float 
or sink. The resultant segregation between the solid and liquid may 
cause the observed melting point of the mixture to be too high. Resolidi¬ 
fication and remelting would tend to increase this segregation and magnify 
the error involved. 

The tubing from which the capillaries are made should be washed and 
dried before drawing. Alkali and products of devitrification on the walls 
of the tube are known to lower the melting point, especially in the case 
of substances such as those having free aldehydic or ketonic groups. 37 
Likewise, Dieckmann 38 has shown that slightly different melting points 
are obtained with capillaries of different glasses. After the capillaries 
are drawn, they should be sealed at both ends to keep them clean until 
they are to be used. 

In filling the tube, a small amount of the material to be tested is scooped 
into the open end. It is then worked into the bottom of the tube. This 
can be accomplished by a number of methods, for example, by rasping the 
bottom of the tube with a file, or by dropping the capillary a foot or more 
inside a larger tube so that the bottom of the capillary strikes the desk or 
table top. In any case, it is important that the substance under examina¬ 
tion be well packed into the bottom of the tube to insure the maximum 
contact between the sample and the walls of the tube. It is advisable 
to seal the tube when the sample is subject to change or decomposition 
through continued exposure to air, or when it is desired to retain the sample 
for some time before using. Such samples should be introduced through a 
long thin “funnel” so that no organic material will be in the neck of the 
tube to decompose during the sealing. Upon decomposition additional 
components would form which would tend to lower the melting point. 

The ideal type of bath for melting-point determinations is one in which 
the temperature of the liquid surrounding the thermometer and capil¬ 
lary tube can be closely controlled at all times. This can be accomplished 
only with efficient stirring and a readily controlled heat source, preferably 
one with a minimum lag. It should be possible to maintain the tempera¬ 
ture fairly constant for some time since, in accurate determinations, it is 
frequently desirable to set the temperature at some point just below or 
above the melting point. The rate of response of different thermometers 
to a change in temperature of the bath will differ depending upon their 
heat capacities. In order to compensate for this factor, the rate of heating 

w A. Georg, Hein. Chim. Acta, 15,924 (1932). 

“ W. Dieckmann, Ber., 49, 2204, 2213 (1916). 
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must be low if the melting-point determinations are to be accurate. 

The capillary and the thermometer bulb should be contiguous so the 
temperature registered by the thermometer will be as nearly as possible 
the actual temperature of the sample. Common practice is to fasten 
the capillary to the thermometer by means of a rubber band or similar 
device above the surface of the bath liquid. If the capillaries are long 
and straight, they will adhere to the thermometer by capillary action of 
the liquid. The use of thermometers which can be completely immersed 
in the bath is preferred because it eliminates the necessity of troublesome 
stem corrections. Thermometers and their calibrations and stem cor¬ 
rections are discussed in the chapter on temperature measurement. 

The bath liquid should be relatively nonvolatile and inert. The liquids 
chosen may vary for the range of melting points most likely to be en¬ 
countered. Liquid paraffins, such as commercial clear mineral oil, are 
excellent for moderate temperatures provided their viscosities are not 
too high. At higher temperatures, they tend to fume and discolor. 
For high temperatures (above 200° C.), concentrated sulfuric acid, phos¬ 
phoric acid, or a mixture of six parts of sulfuric acid and four of potassium 
sulfate have been recommended. 39 - 40 A common satisfactory bath liquid 
for temperatures above 150° C. is dibutyl phthalate. Its viscosity at 
the lower ranges, however, is somewhat high to permit good control of the 
bath temperatures. Probably the most satisfactory high-temperature 
bath liquids both from the point of view of viscosity and decomposition are 
the organosilicon compounds. White 41 has shown that certain silicone 
fluids, organosilicon oxide polymers, are very satisfactory for use in baths 
up to 425-440° C. 

Thiele Apparatus.—The principle of the Thiele tube is the basis of a 
variety of types of capillary melting-point baths. In this apparatus, the 
bath is in the shape of a vertical loop in which the liquid is heated on one 
side and the capillary and thermometer suspended on the other. The 
liquid in the heated side rises, causing the liquid in the capillary side to 
descend, thus setting up a circulation of the fluid by convection. A stream 
of rising air bubbles is frequently introduced at the bottom of the heated 
side to increase the rate of circulation of the bath liquid. The simplicity 
and ease of construction of the Thiele tube melting-point bath have made 
it one of the most common pieces of equipment in the organic chemistry 
laboratory. 

” F. D. Snell, Ind. Eng. Chem., Anal. Ed., 2,287 (1930). 

40 A. A. Morton, Laboratory Technique in Organic Chemistry. McGraw-Hill, New 
York, 1938. 

41 L. M. White, Anal. Chem., 19, 432 (1947). See also J. L. Hartwell, Anal. Chem., 
20, 374 (1948). 
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Of the many modifications of the Thiele tube principle, probably the 
best is the apparatus described by Hershberg, 42 a diagram of which appears 
in figure 14. Here the liquid is kept moving around the loop at a rapid rate 
by means of a stirrer mounted on a ball-bearing assembly. The sample 
capillary and a total-immersion thermometer arc placed in an adiabatic 
zone inside the tube in which the deviation in temperature is said not to 
exceed 0.025° C. The heater can be regulated so that the rate of tempera¬ 
ture rise can be reduced to about one-tenth of a degree per minute. The 
top of the thermometer side of the tube is so constructed that capillaries 
can be inserted and withdrawn with little difficulty. 



Fig- 14.—The Thiele apparatus as modified by Hershberg. 4 * A, 28-mm. outside 
diameter and 25-nim. inside diameter. B, 17 cm. C, 8.5 cm. D, sleeve, 19-mm. outside 
diameter, 17-mm. inside diameter, 9 cm. long; loops, No. 26 B. and S. gage platinum 
wire. E, 18-mm. outside diameter, wound with elect rical heating clement. F, thermom¬ 
eter cap; thermometer tube, 7-mm. inside diameter. G, stirrer cap. H, stirrer, 
5-mm. outside diameter glass tubing; ball bearings with 0.61-cm. (0.25-in.) hole and 
2.2-cm. (0.875-in.) outside diameter, unground. 7, knobs to center sleeve. J, lip and 
wedge to prevent rotation of cap. 


Another refinement of the capillary method employs an optical system 
whereby the sample and the thermometer may be viewed simultaneously 

41 E. B. Hershberg, Ind. Eng. Chem., Anal. Ed., 8, 312 (1936). See also K. S. Markley, 
ibid., 6, 475 (1934). 
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through a telescopic eyepiece. 43 This apparatus is claimed to give melting 
points reproducible by different observers to within 0.03° C. 

Copper Block.—The Thiele tube method has disadvantages, 
especially at high temperatures: the bath liquid discolors and produces 
fumes; and there may be unequal heat distribution due to streamline 
currents and high heat losses to the surroundings. These difficulties are 
overcome to some extent by replacing the heating liquid with a metal block 
made of a good heat conductor such as copper. This scheme was originally 
devised by Thiele 41 and has been modified by Berl and Kullmann. 45 
The apparatus consists of a copper block or cylinder in which holes are 
bored for two thermometers and for two capillary tubes. The holes are of 
such sizes that the thermometers and capillary tubes fit snugly and make 
good thermal contact with the block. A hole perpendicular to the capil¬ 
lary wells, and intersecting them, is cut through the block for observing the 
bottoms of the capillaries. This opening may be closed with a strip of 
mica to prevent access of air currents through the slit or hole and yet 
retain visibility. The block is then covered with asbestos and resistance 
wire so that it may be heated electrically. In using the apparatus the 
block is heated and the melting point observed with the aid of a light on 
the far side of the block. Various optical arrangements have been pro¬ 
posed to aid in observation of the capillaries when melting takes place. 
A good account of these and further details of the copper block method can 
be found in the original papers. 46 

3. Hot Stages 

Melting temperatures are frequently determined by one of several 
hot-stage methods. In such a method, the sample is placed on a plate or 
bar which is heated, and the temperature at which melting occurs is noted 
by means of a thermometer or thermocouple arrangement. Hot stages 
present the advantages of rapid heating, elimination of a liquid bath, and 
an ease of operation not usually obtained by other methods of melting- 
point measurement, and are particularly adaptable to substances which 
melt with decomposition. They lack, however, the accuracy and pre¬ 
cision attainable with a refined capillary apparatus. They should be ex¬ 
tensively calibrated with compounds of known melting point. 

An interesting application of the hot-stage method is the melting-point 
apparatus described by Dennis and Shelton. 47 In this apparatus, the 

43 F. Francis and F. J. E. Collins, /. Chem. Soc., 1936,137. 

44 H. Thiele, Z. angew. Chem., 15, 780 (1902). 

u E. Berl and A. Kullmann, Ber., 60, 811 (1927). 

“ W. L. Walsh, Ind. Eng. Chem., Anal. Ed., 6, 468 (1934). W. Friedel, Biochem. Z. t 
209, 65 M 929). C. F. Lindstrom, Chem. Fnbrik, 7, 270 (1934). 

47 L. M. Dennis and R. S. Shelton, /. Am. Chem. Soc., 52,3128 (1930). 
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powdered sample is sprinkled in a thin line on a copper bar heated at one 
end. A temperature gradient exists on the surface of the bar from the 
hot to the cold end, and the substance melts instantaneously where the 
temperature of the bar exceeds the melting point. A line of demarcation 
between the solid and liquid indicates the point at which melting first 
takes place. The temperature is usually determined by touching the bar 
at this point with a constantan wire to form a thermocouple with a defi¬ 
nite electromotive force corresponding to the melting temperature. 

In the Fisher-Johns melting-point apparatus, the sample is placed 
between cover glasses on an aluminum stage which is electrically heated. 
A magnifier is placed above the sample to facilitate ready observation 
of the crystals at the melting temperature. A thermometer with its bulb 
imbedded in the stage immediately below the sample records the tempera¬ 
ture of the stage at the melting point. 

Both the copper bar and the Fisher-Johns melting-point apparatus may be pur¬ 
chased from laboratory supply houses. 

Several hot stages for microscopes have been designed for the determina¬ 
tion of melting points with very small quantities of material. In most of 
these, the temperature is measured with a sensitive thermocouple, al¬ 
though modifications permitting the use of a mercury thermometer have 
also been described. For all compounds except those which are iso¬ 
tropic or become so on heating, the melting point can best be observed 
by means of a polarizing microscope, since the temperature at which the 
color disappears and the space lattice is ruptured is the true melting point. 
With an instrument of this sort Zscheile and White 48 claimed a precision 
of =*=0.04° C. The Kofler 49 microscope hot-stage melting-point apparatus 
has found wide application. For further details of this method of deter¬ 
mining melting point, the reader is referred to the chapter on microscopy. 

4. Mixed Melting Points 

The method of mixed melting points may be used in the identification 
of organic substances. Approximately equal amounts of the unknown and 
a substance thought to be the same compound are pulverized and inti¬ 
mately mixed in a mortar or on a watch glass. Capillary melting points 
are then taken of the known, the unknown, and the mixture. If all three 
melting points are essentially the same, or if the melting point of the 
mixture lies between that of the two components, the identity of the un¬ 
known with that of the known is fairly certain. If the substances are not 

48 F. P. Zscheile and J. W. White, Jr., Ind. Eng. Chem., Anal. Ed., 12, 436 (1940). 

49 L. Kofler and A. Kofler, Mikroskopische Mtthoden in drr Mikrorhemie. Haim. 
Vienna, 1936. 
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identical, the melting point of the mixture is usually 10° to 30° or more 
below that of the components and the mixture melts over a range. 50 
These melting points should all be taken in the same bath simultaneously, 
since factors which affect the melting point, such as decomposition and 
rate of heating, will then be the same in all three cases. 

It is not necessary to have a very pure substance in order to identify it 
by the method of mixed melting points. If the melting point is a few 
degrees too low, addition of the known will give a melting point which 
is between the known and the unknown when the substances are identical. 

The method of identification by mixed melting points is based on the 
assumption that a mixture of any two substances will have a melting point 
which is appreciably lower than that of cither alone. That this assump¬ 
tion does not hold in all cases is apparent by a study of typical binary 
system diagrams already mentioned. As illustrated by the systems in 
figures 5 and 7, II and by table II it is quite possible for two different 
substances to have mixed melting points which are either higher than or 
equal to those of the two components. For example, if tricosanoic acid is 
mixed with an equimolecular proportion of tetracosanoic acid its melting 
point is raised by 0.2° C. and is very sharp. This and a number of similar 
cases of fatty acid mixtures have been described. 51 When d-dimethyl tar¬ 
trate and /-dimethyl tartrate (m.p., 43.3° C.) are mixed in equal propor¬ 
tions, a melting point of 89.4° C. is obtained. 52 Gibby and Waters 53 re¬ 
ported chat, for pure 3-bromo-5-iodo-4-aminobenzophenone (m.p., 145.9° 
C.) and pure 3,5-dibromo-4-aminobenzophcnone (m.p., 146° C.), the 
mixed melting point is only about 0.5° lower, whereas in a previous paper 
it had been concluded that these two compounds were identical. Lock and 
Nottes 54 have cited many other cases where mixed melting-point behavior is 
abnormal. Failure to observe a lowered melting point for the mixture 
would thus not be absolute proof of the identity of the known and un¬ 
known. Additional means of identification, e. g., crystal structure, optical 
rotation, and chemical analysis, should be applied in cases in which the 
identity of the unknown is still in question. 

When mixed melting-point determinations are made on substances 
which decompose on melting, the information gained may not be con¬ 
clusive. If the decomposition point of the mixture is not lower, the two 
constituents may or may not be identical; if the decomposition point is 

M E. Kordes, Z. anorg. aUgem. Chem., 154, 93 (1926); 167, 97 (1927); 168, 177 (1927). 

51 F. Francis, S. H. Piper, and T. Malkin, Proc. Roy. Soc. London, A128, 214 (1930). 
A. C. Chibnall, S. H. Piper, and E. F. Williams, Biochem. J., 30, 100 (1936). 

61 J. H. Adriani, Z. physik. Chem., 33,453 (1900). 

11 C. W. Gibby and W. A. Waters, /. Chem. Soc., 1931,2151. 

s ‘ f 1. Lock and G. Nottes, Ber., 68, 1200 (1935). See also MB. randstatter, Mikro- 
chemie, 32, 33 (1944). 
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lower, however, the two constituents are shown to be different compounds. 

As long as the possibility of the anomalous cases mentioned above is 
kept in mind, the mixed melting-point technique is useful, especially when 
one is employing very small quantities of the unknown. The fact that this 
method of identification does not require a highly purified sample elimi¬ 
nates the necessity for the final purification and the resultant loss of ma¬ 
terial. The method may even be used for substances which are liquid 
under ordinary conditions by measuring the temperature of the melting 
point of the frozen mixture. 65 Successful application of the method re¬ 
quires some knowledge of the melting-point behavior of binary mixtures, 
including a familiarity with the various possible types of binary freezing- 
point diagrams. 


5. Melting Points of Substances That Decompose 

If a substance melts with decomposition, the melting temperature ob¬ 
served will be lower than the melting point of the pure substance because 
of the presence of decomposition products. This is especially true if de¬ 
composition occurs in the solid state before the substance actually melts; 
and, since premelting is invariably present to some extent, the melting 
point of a substance which decomposes is usually considerably lower than 
the true melting point. The amount of decomposition products formed 
depends upon the length of time the sample has been heated near the de¬ 
composition temperature before the melting point is reached. It is ap¬ 
parent, then, that the melting point of a substance which decomposes will 
depend upon the rate of heating of the melting-point bath. Thus, pure 
tyrosine melts at 280° C. when heated slowly 66 and at 314-318° C. when 
heated rapidly. 57 

Therefore, if the substance shows any indication of decomposing, the 
melting-point sample should be heated rapidly. This can be accomplished 
to the best advantage by the use of the Dennis bar described on page 78 or 
by constructing the bath so that the temperature rise is as rapid as one 
degree for every two seconds. Another method of heating the sample 
rapidly is immersion of the capillary in the preheated bath so that the 
bath temperature has to be raised only a few degrees before the melting 
point is reached. 58 When melting points with decomposition are reported 
in the literature, it is essential that complete details of the method and 
rate of heating be given in order that the melting point can be reproduced 
by another experimenter. 

“ R. Hollmann, Z. physik. Chein., 43,129 (1903). 

M E. Fischer, Ber., 32, 3641 (1899). 

67 R. Kempf, J. prakt. Chetn., 78, 242 (1908). 

68 A. Michael, Ber., 28, 1629 (1895). 
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Organic substances which decompose when heated near their melting 
points may exhibit any one of a number of types of decomposition. These 
may frequently be distinguished simply by watching the sample closely 
with a magnifying glass during melting. The substance may merely 
darken, as in the case of 1,4-anthraquinone. 65 It may undergo the loss 
of certain products. Thus, dibromomalonic acid gives off carbon dioxide 6 "; 
nitroguanidine evolves ammonia 61 ; diiodomalonic acid decomposes to give 
off iodine 60 ; and aniline sulfate loses water and sulfur dioxide. Some sub¬ 
stances, such as iodoxybenzene, explode at the melting temperature. 62 
In some cases, the compound may melt and form a new compound which is 
solid at the high temperature so that the observer may note two melting 
points. This is usually true of substances which form anhydrides easily. 6 * 
In general, although melting points with decomposition are in many cases 
uncertain, in some cases they are fairly reliable and reproducible. 

6. Anomalous Melting Points 

Polymorphism.—Pure substances may exist in more than one crystal¬ 
line or polymorphic form, with two or more melting points, and possibly 
one or more transition points. A substance is termed enantiotropic when 
the transition temperature is below the melting temperature of either form, 
as when one crystalline form is transformed to another without melting. 
If it is necessary to melt one form to obtain the other polymorph, the 
substance is monotropic. 

An enantiotropic substance existing in two forms exhibits a transition 
point below which one form (alpha) and above which the other form (beta) 
is stable. When the alpha form is heated slowly, it transforms to the 
beta form at the transition temperature. This transition is reversible so 
that, if the beta form is cooled below the transition point, the alpha form 
is again formed. If the beta form is heated, it exhibits a normal melting 
point. When the temperature of the alpha form is raised through the 
transition temperature so rapidly that transition fails to occur, the melting 
point of the alpha form is observed. The liquid obtained by melting is 
metastable with respect to the solid beta form, however; and if the tem¬ 
perature is not allowed to rise above the melting temperature of the latter, 
the liquid may solidify. The solid so formed will on further heating ex¬ 
hibit the melting point of the beta form. 

" I- J- Pisovschi, Ber., 41, 1436 (1908). 

•o R. Wills tatter, Ber., 35, 1375 (1902). 

61 J- Thiele, Ann., 270, 18 (1892). 

41 C. Willgerodt, Ber., 26, 358 (1893). 

61 E. Noelting and K. Philipp, Ber., 41, 584 (1908). 
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Carbon tetrabromide is an example of a substance which exhibits enantiotropism. 
At ordinary temperatures, the stable form (solid II) is monoclinic. 64 When heated 
to 46.9° C. (the transition point), a cubic form with tetrahedral symmetry (solid I) 
is formed which melts at 90.1°. The velocity of transformation of the metastable 
to the stable form above 46.9° is probably very rapid, so that the melting point of 
the pure solid II has probably never been observed. In the well-known case of 
sulfur, however, the transformation from the rhombic to the monoclinic form above 
the transition point (95.5°) is so slow that the melting point of the rhombic form 
can easily be observed to be 112.8°. At this temperature, both rhombic sulfur 
and the liquid are metastable. The melting point of the monoclinic form is 119.25°. 66 

A monotropic substance is characterized by the fact that the trans¬ 
formation from the unstable to the stable crystalline modification is irre¬ 
versible. 1 hus, if the unstable form, which always has the lower melting 
point, is melted, transition to the solid stable form may occur. This 
solid would melt at some higher temperature. Resolidifying the liquid 
would give either the unstable form which melts as described above or 
the stable form which would melt at the higher temperature. The un¬ 
stable form may transform to the stable form on standing. 

Menthol 66 crystallizes in at least four different forms, a, 0, y, and 5, only one of 
which (a) is stable between zero and its melting temperature, 42.5° C. The other 
three forms are monotropic and have lower melting points as follows: 0 = 35 . 5 °, 
y = 33.5°, and 6 - 31.5°. All these unstable forms finally revert to the stable 
alpha form on standing. The melted menthol may be undercooled to 32° or 
lower before it crystallizes in any reasonable length of time. The unstable forms 
are obtained by rapid cooling of the melt to different extents. If a mixture of the 
unstable and stable forms is heated to, say, 36° C. the unstable forms liquefy. 
This liquid then begins to crystallize in the stable alpha form which will melt when 
the temperature of 42.5° C. is reached. 


Dynamic Isomerism.—Another interesting case of anomalous melting 
points is caused by “dynamic isomerism.” On melting either of a pair of 
tautomers or geometric isomers, for example, a more or less rapid transfor¬ 
mation sometimes takes place into a definite equilibrium mixture of the 
two forms. The substance now melts over a range, and, since it is a simple 
binary mixture, it gives cooling and heating curves of types B and E in 
figure 3, respectively. 


a 


The two isomeric benzaldoximes are an interesting example of this tvpe of 
pseudobmary system.”” The cis modification has a melting point of 34-35° C-, 


: f LT en £ p, d J - !f, Hllde J bra,Kl ' J - Am - ch ™- Soc., 61, 1555 (1939). 

York 1938. pp M-s's 8th ed„ Longmans, Green. New 

66 F. E. Wright, J. Am. Chem. Soc., 39, 1515 (1917). 

67 F. K. Cameron. J. Phys. Chem., 2, 409 (1898). 
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whereas the trans modification melts at 130°. The system exhibits a eutectic 
point at about 25° at a composition corresponding to 92% of the cis form. The 
“natural” equilibrium mixture freezes at 27.7°, however, and will be found to melt 
at the same temperature immediately after solidifying. No matter what the com¬ 
position of the original mixture of cis and Irons forms, if it is once melted and re¬ 
solidified, the melting point of 27.7° will l>e observed. 

The cis- and frans-anisaldoximes show the same type of behavior; but in this 
case the rate of transformation to the equilibrium mixture is relatively slow, so 
that the third melting point determined would be lower than the second, the 
fourth lower than the third, and so on until a minimum is reached.*^ For a more 
detailed discussion of systems of this sort, the reader is referred to Findlay/' 9 

Acetoacetic ester is perhaps the most common example of dynamic isomerism. 
The enol and keto forms of this compound have been isolated. They arc fairly 
stable at very low temperatures and, in quartz vessels, at higher temperatures, 
but both forms revert to an equilibrium mixture which has been shown to consist 
of about 93% of the keto and 7% of the enol form. 70 " 7 * The freezing-point behavior 
of this pseudobinary system has never l>een investigated. 

In order to identify or prove dynamic isomerism in such instances it is necessary 
to establish the fact that only two substances are present in the equilibrium mix¬ 
ture. The system crotonic acid-isocrotonic acid, for example, which was reported 
by Morrell and Hanson 7 * to exhibit this phenomenon, proved on further investiga¬ 
tion 74 to be much more complex in that secondary reactions (polymerization) also 
take place on melting. In true dynamic isomerism, the eutectic temperature as 
found by cooling and heating curves should be that of the binary system in ques¬ 
tion and should not change as the composition changes progressively toward the 
equilibrium mixture. 

Liquid Crystals.—Many substances form liquid crystals upon heating, 76 
and may appear to have melting ranges instead of sharp melting points. 
The formation of a turbid liquid will usually be noticed at some temperature 
below that at which the liquid becomes clear. Upon cooling, this phenom¬ 
enon will be found to be reversible. Actually, no solid remains in the turbid 
liquid but the substance is in an anisotropic liquid-crystalline state. 

Para-methoxycinnamic acid, one of the common examples of such a substance, has 
been shown to transform from the solid-crystalline into the liquid-crystalline state 

M E. L. Skau and B. Saxton, J. Phys. Chem., 37, 197 (1933). 

M A. Findlay, The Phase Rule and Its Applications. 8th ed., Longmans, Green, New 
York, 1938, Chapter X. 

70 L. Knorr, O. Rothe, and H. Averbeck, Ber., 44, 1138 (1911). 

71 K. Meyer and P. Kappelmeicr, Ber., 44, 2718 (1911). 

7 * C. A. Rouiller, Am. Chem. J., 49, 301 (1913). 

74 R. S. Morrell and E. K. Hanson, Chem. News, 90, 166 (1904); J. Chem. Soc., 
85, 1520 (1904). 

74 E. L. Skau and B. Saxton, J. Am. Chem. Soc., 52, 335 (1930). 

71 International Critical Tables, Vol. I, McGraw-Hill, New York, 1926, pp. 314-320. 
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at 172.1° C. and from the liquid-crystalline into the clear liquid state at 187.3° C. 
A highly purified specimen of this compound gave “flats” on the cooling curves and 
heating curves at both of these temperatures, 75 '* showing that each of the phase 
changes took place reversibly at constant temperature. 

The effect of a second component on the melting point of a substance forming 
liquid crystals is of interest. Since the heat of “fusion” of the liquid crystals is 
much smaller than that of the solid crystals, 75a it would be expected (see page 54) 
that the freezing-point depression for a given mole per cent of impurity would be 
greater. This is confirmed by the binary freezing-point data of de Kock. 76 The 
liquid-crystal clarification point should therefore be a more sensitive criterion of 
purity than the melting point of the solid crystals. 

Dupont 77 therefore suggested the use of p-.azoxyanisole as a cryoscopic solvent in 
a modified Rast micromethod for determining molecular weight using the clarifi¬ 
cation point of the liquid crystals. 

De Kock 78 also investigated the addition of p-methoxycinnamic acid to p-azox- 
yanisole. Each of these substances forms liquid crystals but the addition of the 
second component results in a lowering of both the solid crystal and liquid crystal 
melting points by about the same amount. De Kock suggests that this is caused 
by the formation of a complete series of liquid mixed crystals showing a minimum 
clarification point at about 90% azoxyanisole. 


7. Melting Points Requiring Special Techniques 


The ordinary methods of melting-point determination must be modified 
for many substances because of their special nature. In most of these 
cases simple changes in technique, some of which will be discussed below, 
may be employed to accomplish the desired measurement. For greater 
detail concerning these methods, the reader is referred to Houben. 78 

If the substance is highly colored and melting is not visible Piccard 79 
has suggested forming a plug of the material in a capillary by melting and 
resolidification and noting the temperature at which the plug moves along 
due to air pressure on one end of the tube. 

For substances likely to explode, a very small amount of the material 
is laid on a liquid metal surface or on a cover glass floated thereon Mer¬ 
cury is used for moderate temperatures, and soft solder in a nickel crucible 


IT*!- 8ka “ and H - F - Mcier . Tram. Faraday Soc., 31, 478 (1935). 

A. C. de Kock, Z. physik. Ckem., 48, 129 (1904). 

lJ®° UP0 ^ 8 " d °„ L °‘ ac ' h ; Com V<- ^nd., 221, 751 (1945); Hull. soc. chin,. France, 

G-lrL ibid « fi37non9 ‘ C ■ f Ph ‘ JS ‘ k ' Chfm " 25> 337 <1898) - K - Auwer. and 10. 
uierig, ibid., 42, 631 (1902); and footnote 76. 

l^pMlS’^ Meth0dm ^ ° rganischen Chemie 3rd cd - V°l- I. Thieme, Leipzig, 
(] ^J. Piccard, Bar., 8, 687 (1875). See also H. Landolt, Z. physik. Chen,.. 4, 349 
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for temperatures between 170° and 450° C. The sample is covered with a 
watch glass or funnel, and the temperature of the thermometer immersed in 
the bath is observed when melting occurs. Serious accidents might occur 
if explosive substances are handled in the usual way, so any questionable 
compound should be tested first by heating a small amount on a spatula 
in order to determine whether precautions are necessary. 

Hygroscopic substances, such as benzenesulfonic acid, tend to take up 
water, which changes the melting point. Such materials are probably best 
treated by placing them in a capillary, drying, and sealing the tube to 
prevent further absorption of moisture. Drying may be accomplished by 
heating or passing warm dry air over the sample before sealing. 

Some substances, such as chloranil and hexamethylethane, tend to sub¬ 
lime below their melting temperatures. This type of material is handled 
by testing in a short, sealed capillary totally immersed in the bath. Heat¬ 
ing the entire capillary prevents sublimation and keeps the solid confined 
to the bottom of the tube. 

If the material is sensitive to the presence of air at high temperatures 
the capillary should be evacuated before sealing or the air should be re¬ 
placed by an inert gas. Strychnine derivatives do not generally melt 
sharply when air is present. In all cases in which the capillary is sealed, 
as pointed out above, the sample should be introduced through a long 
funnel to avoid decomposition of the substance which might otherwise 
stick to the neck of the tube. 

Fats, waxes, and paraffin-like materials usually do not melt sharply and 
therefore exhibit melting ranges which may not be too reliable. One 
difficulty in handling these materials is the problem of filling the capillary 
tube. This may be done in most cases by melting the substance and 
sucking it up into the bottom of a long, thin-walled U tube which is then 
cooled well below the melting point and allowed to stand for several hours. 
The melting point is taken by immersing the bottom of the U in the bath 
alongside the thermometer bulb. 

Many high polymers, such as the polyamides, are crystalline materials which 
exhibit more or less definite melting temperatures. Although the crystallinity of 
these substances usually manifests itself in opacity, the determination of an accu¬ 
rate melting point is often difficult owing to uncertainties in identifying the point 
at which phase change takes place. Biggs, Frosch, and Erickson 80 solved this 
problem by preparing threads of the solid polymer about one-sixteenth of an inch 
in diameter and clamping them in a melting-point bath near the thermometer 
bulb. When the temperature of the bath reached the melting temperature of the 
polymer, the thread lost shape and was swept away in the oil stream of the rapidly 
stirred bath. 

80 B. 8. Biggs, C. J. Frosch, and R. H. Erickson, Ind. Eng. Chem., 38, 1016 (1946). 
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8. Freezing Temperatures of Binary Mixtures 

The determination of the freezing point of binary mixtures presents 
many difficulties and sources of error that are not encountered in the case 
of pure compounds. Some of the methods ignore one or more of these 
sources of error and, therefore, as will be pointed out below, they cannot 
be expected to give reliable results. 

A rather ingenious qualitative method and technique of determining 
which type of diagram (Figs. 3, 4, 5, or 7) a binary system will give has been 
suggested by Kofler 81 and Kofler. 82 This method called the “contact 
method” consists essentially of bringing the two substances together 
between the surfaces of two cover glasses from opposite edges, 
heating them to the melting point, and causing them to diffuse into each 
other. Thus the cooled slide has supposedly all ranges of concentration 
from pure A on the left to pure B on the right. When this is observed 
under a polarizing microscope in the solid state and heated at a slow rate 
on a carefully controlled hot-stage, the composition having the lowest 
melting point liquefies first and appears as a vertical dark line across the 
slide. As the temperature is raised this line of liquid widens and in the 
case of a simple eutectic system such as figure 3, it merely spreads until 
it reaches the width of the slide. In the case of a system exhibiting molecu¬ 
lar-compound formation (Fig. 4), when the temperature of the second eutec¬ 
tic is reached a second band of liquid forms some distance from the first. 
On continued heating, the liquid bands spread in both directions until they 
meet at the melting point of the compound and reach the outer edges at the 
melting points of the two pure constituents. Similarly for a system which 
forms a continuous series of mixed crystals with a maximum (Fig. 7, II) 
the melting bands start at the two edges and move toward each other. 

The capillary method of determining "thaw-points” and melting points 
developed by Rheinboldt 88 cannot be relied upon to give data of suitable 
accuracy for binary diagrams. In the first place, it does not readily permit 
the attainment of a true equilibrium between the solid and liquid phases 
and secondly, the technique for the preparation of specimens of known 
composition involves a considerable source of error. The probable in¬ 
accuracy in the determination of “thaw points” («. e., secondary melting 
points, or the temperatures at which fusion begins as shown by the heating 
curves in figures 3 to 9) has already been discussed on pages 65 and 66. It 
is admitted 83 that one must have considerable experience with the method 


“ d . A ‘ Koflcr ' Mikr omethoden zur Kenmeichnung organischer SlnJTe und 
Sloffgemische. Umversitatsverlag Wagner, Innsbruck, 1948. 

81 A. Kofler, Nalurvrissenschaften, 31, 553 (1943). 

83 H. Rheinboldt, Ber. t 74, 756 (1941). 
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on known systems before the method can be used confidently with a re¬ 
producibility of 0.5° C. on the same sample. The limits of error for the 
capillary method are said to be about 1 or 2° C. 84 

Grimm 84 and Lettr6 w used microscopic technique for determining thaw 
points and melting points with a claimed accuracy of =*=2° C. Samples of 
various compositions are observed while melting between two cover glasses 
on a hot-stage under a polarizing microscope. 

The “contact method/ 1 the capillary method, and the microscopic 
method have been used mainly to distinguish the system type and have 
been especially useful when only small amounts of material were available. 
It is usually recommended that two or in some cases all three of these 
methods be used simultaneously on the same system for verification of the 
conclusions. 82, ”• 85 Thus the capillary and microscopic methods were 
used by Fredga 23 and by Lettr4 M in establishing the relative steric con¬ 
figuration of optical isomers by the procedure on page 66, in which it is 
necessary merely to determine whether a binary system is of the simple 
eutectic or of the molecular-compound type. These methods have also 
proved useful in showing mixed crystal formation 87 and in establishing in- 
congruent melting points of molecular compounds. 88,88 

A large number of binary systems have been constructed with the Beck¬ 
mann apparatus described on page 92 using an ordinary thermometer. It 
has been shown, however, that the errors involved in this method are some¬ 
times so large that false conclusions may be drawn even as to the type of 
freezing-point diagram involved. 89 The method is reliable only for dilute 
mixtures, and then only when each composition is made up separately to 
avoid cumulative errors in composition and errors due to losses or segrega¬ 
tion of sample on the stirrer and sides. 

Andrews, Kohman, and Johnston 90 have developed a method which 
eliminates most of these errors, but its applicability is limited to systems 
with favorable crystallization characteristics. In the apparatus they 
employed, a small, thin, glass tube containing the sample is suspended 
in a copper cylinder within a Dewar tube. The temperature of the cylinder 

84 H. G. Grimm, M. Guenther, and II. Tittus, Z. physik. Chem., B14, 169 (1931). 

86 H. Lettr6, H. Barnbcck, and W. Lege, Ber., 69, 1151 (1936). 

88 H. Lettr6, H. Barnbcck, and H. Staunan, Ber., 69, 1594 (1936). 

87 M. Brandstatter, Mikrochemie, 32, 33 (1944). H. Rheinboldt el al., Bol. faculdade 
filosof. dine, e letras, Univ. Sao Paulo, 14, Qufm. No. 1, 3, 21 (1942); No. 2, 105,110, 
124, 139, 143 (1947); J. Am. Chem. Soc., 68, 973 (1946). H. LcttrS el pi., Ber., 70, 
1410 (1937); 71, 1225 (1938). 

88 A. Kofler, Z. physik. Chem., A190, 287 (1942). 

89 E. L. Skau and B. Saxton, /. Phys. Chem., 37, 183 (1933). See also E. L. Skau, 
J. Am. Chem. Soc., 52, 945 (1930); E. L. Skau and L. F. Rowe, ibid., 57, 2437 (1935). 

80 D. H. Andrews, G. T. Kohman, and J. Johnston, /. Phys. Chem., 29, 914 (1925). 
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is carefully controlled to fall at a uniform rate, as represented by the 
lower curve in figure 15. The temperature of the sample is measured by 
means of a thermocouple made of very fine wire, so that there is very little 
loss of heat by conduction and very little lag. The temperature of the 
cylinder is started high enough so that, when the freezing point is reached, 
the temperature fall of sample ABC is almost parallel to that of the sur¬ 
roundings, LJ. The maximum temperature, D, reached after crystalli¬ 
zation sets in is the temperature at which solid and liquid are in equilib¬ 
rium. This will differ under given conditions with the degree of super¬ 
cooling, i. e., with the amount of crystals formed when equilibrium has 



Fig. 15.—Typical controlled cooling 
curve for a binary mixture.* 0 



Fig. 16.—Cooling curves for different 
degrees of supercooling and corresponding 
area—maximum graph. 90 


been attained. Point D is therefore not the true freezing point because the 
composition of the liquid in equilibrium with crystals at D differs from that 
of the original solution, due to the separation of the crystals of pure solvent. 

It can be shown from Newton’s law of cooling that the amount of crystals 
formed is proportional to the area BCDJL. The true freezing point of the 
original solution can be obtained by plotting the area against corresponding 
values of D for a number of such curves, and extrapolating to find the value 
of D for zero area or for no crystal formation. Figure 10 shows three 
actual curves for the same sample, with different degrees of supercooling, 
superimposed on each other. The change of the maximum can be seen 
to be such that direct extrapolation of the maxima back to the curve is 
uncertain. Plotting the area against the temperature of the maximum, 
however, permits a correct extrapolation to the true freezing point of the 
solution, in this case 130.8° C. 
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Collett and Johnston 91 have described a method of obtaining data for 
binary freezing-point diagrams which, although simpler, is equally as pre¬ 
cise and reliable 92 as that of Andrews, Kohman, and Johnston, and which 
has the decided advantage of being independent of the ease or rate of crys¬ 
tallization of the sample. This is a static method in which t he samples are 
made up in sealed tubes about 15 mm. in diameter, which are vigorously 
shaken or turned end over end in a const ant-temperature bath. Two tem¬ 
peratures about 0.1° C. apart are found, one at which crystals will just 
disappear and the other at which a few crystals will remain undissolved on 
prolonged shaking. The correct melting or freezing point must lie between 
these two temperatures. This method is especially adapted to systems 
which contain components which are volatile or absorb or react with mois¬ 
ture, carbon dioxide, or oxygen. 


IV. FREEZING-POINT MOLECULAR-WEIGHT 
DETERMINATIONS 

1. Theory 

Since the lowering of the freezing point of a solvent by a solute Is pro¬ 
portional to the logarithm of the mole fraction of the solvent, it is possible 
to determine the molecular weight of the solute in a binary mixture from 
the freezing-point equation. 

By definition, N A = 1 — N ti , where N A is the mole fraction of the solvent 
and N b is the mole fraction of the solute present in the mixture. By sub¬ 
stitution, it follows from equation (2) on page 53 that: 

In (1 - N r ) 

For dilute solutions in which N B and AT are small, we can make the 
mathematical assumptions that —In (1 — W B ) = W B and TT 0 = Tj, 
because in 

-In (1— x)-x + j + ^... 


z 2 /2, i*/3.. .may be neglected if x is small enough. Then: 


AT 



This equation may also be expressed in terms of molality, m, that is, in 


M A. R. Collett and J. Johnston, J. Phys. Chem., 30, 70 (1926). 
99 E. L. Skau. J. Am Chem. Soc.. 52 945 (1930). 
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terms of the number of moles of solute per 1000 grams of solvent. By 

definition: 


N* = 


?n 4- 


1000 


where M* is the molecular weight of the solvent. Hence: 

AT RT i | m , 1000 ) 

at -1m \ m + M;) 

For very dilute solutions, where m may be neglected in comparison with 
1000/M a, we may write: 

A r = - M K RTjm _ 

&H \ 1000/ = 1000A ff ~ hm 

where F is a constant characteristic of the solvent and is defined as: 

L ' _ ^ A R1/ 

1000AH 


Now, if W B is the number of grams of solute per 1000 grams of solvent, m - 
W B /M B in which M B is the molecular weight of the solute. Substituting 
this expression for m, we have AT = FW B /M B , and solving for the 
molecular weight, M D = PW B / AT. This is the equation used in the deter¬ 
mination of molecular weight by means of freezing-point depression. 

The use of this equation requires knowledge of the molal freezing-point 
depression constant, F, the concentration involved, and the measured 
depression of the freezing point. Although it is possible to calculate F 
by substitution of the factors in the defining equation shown above, values 
of this constant determined experimentally using a substance of known 
molecular weight are much to be preferred. 

Although F is considered constant, it may vary considerably depending 
upon the substances used to determine it. Factors which contribute 
to lack of ideality, as mentioned on page 56, would also tend to cause 
variation in experimentally determined values of the constant. These 
factors would result in an incorrect molecular weight, as will be discussed 
on page 94 in connection with figure 18. The accuracy which one may 
anticipate from a freezing-point molecular-weight determination is also 
limited by the accuracy with which the constant, F, is known. 

Table IV presents a comparison of theoretical and experimental con¬ 
stants. The theoretical values were calculated from measured heats of 
fusion, whereas the experimental values were obtained using known sub- 
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stances in actual determinations. For constants of additional solvents the 
reader is referred to the International Critical Tables or to Landolt-Born- 
stein. 


Table IV 

Freezing-Point Molecular-Weight Constants 


Compound 

M. p.. ° C. 

P 

(cftlculnted) 

P 

(observed) 

Acetic acid* 

16.55 

3.57 

3.9 

Benzene 6 

5.45 

5.069 

5.07 

Borneol 6 

204. 

• « 

35.8 

Camphor 6 

178.4 

37.7 

40.0 

Dioxane 6 

11.7 

4.71 

4.63 

Ethylacetanilidc 6 

Indcne 6 

52.0 

-1.76 

8.7 

7.35 

8.58 

7.28 

Naphthalene* 

80.1 

6.98 

6.899 

Nitrobenzene* 

5.82 

6.9 

8.1 

TrimethylcarbinoM 

Vater* 

25.1 

0.0 

8.15 

1.859 

8.37 

1.853 


a Landolt-Bdrnstcin, Physikalisch-Chemische Tabellen, Erg. II b, p. 1468. 
* Ibid., Er*. m c, pp. 2667-2669. 

•Ibid., Hw. II, pp. 1427-1430. 

4 F. H. Getman, J. Am. Chem. Soc., 62, 2179 (1940). 


2. Apparatus and Technique 

The procedure for the experimental determination of molecular weights 
by freezing-point depression, sometimes known as the Beckmann method, 
is described in detail in many elementary physical chemistry manuals. 93 
The apparatus consists essentially of a cooling bath, B , covered with a 
metal lid, L (see Fig. 17). Through a hole in the center of the lid passes 
a large glass test tube, T, held in place by a tightly fitting cork. Held in¬ 
side the test tube is another smaller tube containing the freezing mixture, 
a Beckmann differential thermometer, and a small stirrer. The freezing- 
point tube is therefore surrounded by an air layer through which heat must 
be transferred, thus insuring a low and uniform rate of cooling of the 
solution. 

After the apparatus is assembled, a weighed amount of pure solvent is 
placed in the sample tube and the system allowed to come to thermal 
equilibrium with the sample cooling at a steady rate. Temperature meas¬ 
urements to the nearest 0.001° C. are made as the liquid is supercooled 
and caused to crystallize with stirring. The final equilibrium temperature 
between the liquid and a small proportion of crystals is taken as the freezing 
point. If the temperature were to be plotted against the elapsed time, a 
curve similar to the cooling curves for a pure substance as described on 

u F. Daniels, J. H. Mathews, and J. W. Williams, Experimental Physical Chemistry. 
3rd ed., McGraw-Hill, New York, 1941, pp. 72-78. 
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page 59 would be obtained. The solvent is then remelted by brief re¬ 
moval of the inner test tube, and the process repeated using different 
degrees of supercooling. A weighed amount of the unknown is then added 
to the solvent, and the freezing temperature is again determined as before. 
From the calculated concentration of solute 


and the observed difference in freezing point 
of the pure solvent and the solution, the 
molecular weight of the solute is computed. 

In the freezing-point molecular-weight de¬ 
termination, the precautions to be observed 
are similar to those outlined in the section on 
cooling curves (pages 70 el seg.). The tem¬ 
perature of the cooling bath should not be 
more than about 3 degrees below the normal 
freezing point of the solvent, otherwise the 
rate of heat loss will exceed the rate at 
which heat is furnished the solution by the 
heat of fusion of the freezing solvent, and 
the observed temperature will be too low. 
The amount of supercooling should not be 
greater than about one-half a degree, so that 
the amount of solvent freezing out will not 
appreciably alter the concentration of the 
solute. Stirring should be just rapid enough 
to maintain the contents of the tube at a 
uniform temperature, and the thermometer 
should be tapped throughout the determina¬ 
tion to prevent the mercury from sticking 
in the fine capillary of the Beckmann ther¬ 
mometer. For a systematic and concise dis- 



Fig. 17.—Beckmann freezing- 
point depression apparatus. 94 


cussion of the sources of error involved in the determination of the molecu¬ 
lar weight by freezing-point depression, the reader is referred to the com- 
prehensive treatment by Findlay. 94 

Freezing-point lowering offers one of the most convenient means of 
molecular-weight determination. The depressions are easy to measure 
experimentally because the molal freezing-point depression is relatively 
large and the freezing point is not affected by such external factors as 
changes m the atmospheric pressure. The measurement can be made 
at low temperatures at which volatility of the solvent or the solute is not 
likely to cause a change in the composition of the mixture. The extreme 

PhySiCa ‘ Chem,Stry - 7th ed " Longmans, Green. New York, 
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accuracy attainable by this method employing special refinements of 
technique is illustrated by the data of Batson and Kraus,* as shown in 
table V. Data such as these indicate that inaccuracies may in many 
cases be due to experimental error. 


Table V 

Freezing Points op Tripiienylmetiianb in Benzene* 


Molal 

concentration 

Freezing-point 
depression. * C. 

Molecular 

weight 

0.000313 

0.00158 

244.5 

0.000634 

0.00322 

243.5 

0.000986 

0.00497 

245.4 

0.004096 

0.02082 

243 5 

0.0248 

0.1263 

243 1 

0 04375 

0.2214 

244.6 


theoretical: 244 .32 


• F. M. Batson and C. A. Kraus, J. Am. Chan. Soc., 56, 2017 (1934). 


The accuracy of the freezing-point depression method may be even less 
than that expected from the experimental accuracy of the measurements. 
It should be recalled that the derivation of equation (2) involved a num¬ 
ber of assumptions, one of which was the mutually ideal behavior of sol¬ 
vent and solute. It was also pointed out on page 55 that truly ideal 
behavior between organic substances is the exception rather than the rule 
Although the behavior of most solutes approaches ideality in extremely 
dilute solutions, the concentrations involved in freezing-point experiments 
are such that, in most cases, abnormalities due to nonideality are not 
eliminated. Any factors causing deviation from the freezing-point law 
would cause corresponding errors in molecular weights by freezing-point 
depression. Thus, using benzene as a solvent (see Fig. 18) the molecular 
weight determinations would be expected to give: the correct value in 
the case of naphthalene or tetrachloroethane, which behave ideally with 
benzene; too high a value for propionic acid, phenol, or aniline, which in 
the concentration involved tend to associate in benzene; and too low a 
value for hexaphenylethane or tetraphenyl-di- 0 -naphthylethane, which dis¬ 
sociate in benzene into triphenylmethyl or diphenyl-/3-naphthylmethyl, 
respectively. 

It will be noted from figure 18 that the molecular weight obtained for 
certain organic compounds by freezing-point depression, increases linearly 
with solute concentration. This phenomenon suggests extrapolation of 
the observed values back to zero concentration of solute to obtain the 

“ F. M. Bateon and C. A. Kraus, /. Am. Chem. Soc., 56,2017 (1934). 
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molecular weight in a very dilute and more nearly ideal solution, a proced¬ 
ure frequently employed in determining the molecular weight of heavy 
petroleum oils. Thus, Rail and Smith 56 estimated molecular weights as 
high as 174(5 for isobutene polymers in benzene solution by the freezing- 
point depression method. 



GRAMS OF SOLUTE PER 100 GRAMS BENZENE 


Fig. 18.—Freezing-point molecular weights in benzene solutions as affected 
by concentration. 97 M, true molecular weight. 

Though the freezing-point depression method has been used rather ex¬ 
tensively by numerous investigators for compounds of high molecular 
weight and high polymers 98 the results cannot usually be considered reliable. 
The values obtained for the molecular weights often vary considerably 
with the concentration and the solvent used, and they are often not in 

* H. T. Rail and H. M. Smith, Ind. Eng. Chem., Anal. Ed., 11, 387 (1939). 

91 Data from M. Gomberg and F. W. Sullivan, /. Am. Chem. Soc., 44, 1810 (1922), for 
tetraphenyl-di-/?- naphthylethane; W. E. S. Turner and S. English, J. Chem. Soc., 105, 
1786 (1914), for phenol; E. R. Jones and C. R. Bury, ibid., 127, 1949 (1925), for tetra- 
chloroethane; C. J. Peddle and W. E. S. Turner, ibid., 99, 685 (1911), for propionic acid 
and aniline. 

** M. Ulmann, M otekulgrossen-Bestimm ungen hoch poly merer Xaturstoffe. Steinkopff 
Dresden. 1936. pp. 26-48. 
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agreement with those obtained by other methods. Meyer and Mark*'-* 
and Staudinger 100 consider the method inapplicable to rubl>or preparations 
and Freudenberg 101 thinks it should be discarded in the field of polysac¬ 
charides and their derivatives. Hess , 102 on the other hand, seems to prefer 
this method in the study of naturally occurring high polymers. 

Recent improvements in semimicro- and microtechniques have made it 
possible to determine freezing-point molecular weights on extremely small 
samples of organic substances. 

The method of Rast" ,J employs camphor as a solvent because of its unusu¬ 
ally high molal freezing-point constant (see Table IV). The melting point 
of the pure camphor is compared with that of the camphor-unknown mix¬ 
ture, and the molecular weight of the unknown is calculated in the usual 
manner. The melting points are determined by means of a capillary 
method essentially the same as that described above. The procedure has 
been modified 104 so that one can determine the molecular weight with a 
sample weighing a fraction of a milligram. Additional cryoscopic sol¬ 
vents have been suggested which in some cases may have advantages over 
camphor. 106, 106 

Details of this micromethod may be found in any microchemical labora¬ 
tory manual . 107 In its application it is essential that the sample and the 
camphor be thoroughly mixed in order to insure good equilibrium. This is 
probably best accomplished by grinding the substances together and pre¬ 
melting before determining the melting point. The mixture should be 
well packed to a depth of about 2 mm. in the bottom of the capillary in 
which the melting point is to be measured. The correct melting tempera¬ 
ture is the temperature at which the last of the crystalline camphor skele¬ 
ton dissolves in the liquid. When proper technique is employed, it is 

” K. H. Meyer and H. Mark, Ber., 61, 1939, 1946 (1928). 

100 See, for example, H. Staudinger, M. Asano, H. F. Bondv, and R. Signer, Ber., 61, 
2575 (1928). 

,#l K. Freudenberg, Tannin, Zellulose, Lignin. 2nd ed., Springer, Berlin, 1933, p. 109. 
See also E. Paterno, Alii reale accad. naz. Lincei, classe sci. fis. mat. not., 15, 260 (1932). 

101 K. Hess, Die Chemie der Zellulose und ihrer Begleiter. Akadem. Vcrlagsgescllschaft, 
Leipzig, 1928, p. 590. 

101 K. Rast, Ber., 55,1051,3727 (1922). 

m F* Pregl. Quantitative Organic Microanalysis. 3rd ed.. Blakiston, Philadelphia, 
1937, pp. 237-244. 

106 F. Pregl, Quantitative Organic Microanalysis. Edited by J. Grant. 4th ed., Blakis¬ 
ton, Philadelphia, 1946, pp. 198-203. 

m M. Ulmann, Molekulgrossen-Beslimmungen hochpolymerer Naturstoffe. Steinkopff, 
Dresden, 1936, p. 46. 

101 F.Emich, Microchemical Laboratory Manual, Wiley, New York, 1932, pp. 138-140. 
W. W. Scott, Standard Methods of Chemical Analysis, 5th ed., Van Nostrand, New York. 
1939, p. 2533. 
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ssible t0 0 btain by this micromethod molecular weights within 5% of the 
theoretical value if the solute forms nearly ideal solutions with the solvent. 

y. PREPARATION OF SAMPLES BY RECRYSTALLIZATION 

Reliable melting points for characterization or identification can be 
determined only on pure crystalline material. It is therefore essential 
that the experimenter use good crystallization techniques and procedures 
in preparing his substance for the melting-point determination. 

If other methods for purification are available, rccrystallization of the 
material should not be attempted until the substance is reasonably pure. 
When a binary mixture, e. g., such as represented in figures 2 and 3, is dis¬ 
solved in a solvent and cooled, its crystallization behavior can be rep¬ 
resented by a ternary diagram. 103 From such diagrams it can be shown 
that the presence of large amounts of impurity reduces greatly the amount 
of pure crystals which can be obtained before the impurity also crystallizes 
out. Impurities, furthermore, frequently act as crystallization inhibitors, 
slowing down or even preventing crystallization in the temperature range 
where the material can be conveniently handled. 

Unless the experimenter has previous knowledge of the best solvent to 
be used in a particular crystallization, the solvent must be determined by 
a trial-and-error process. The best solvent is usually one with a good 
temperature coefficient of solubility and one in which the impurities, if 
their nature is known, are very soluble. The solute should not be too 
soluble in the cold or the excessive losses encountered will require the use 
of special techniques. The usual procedure for selecting a solvent is to 
dissolve small amounts of the substance in small portions of different sol¬ 
vents by heating. These solutions, which are nearly saturated, are then 
allowed to cool slowly, note being made of the nature and amount of 
crystals which form. Several solvents with the desired characteristics 
may be found, in which case it is generally best to use the one which has a 
moderately high boiling point, since this reduces evaporation and allows 
the use of a larger temperature change during crystallization. High- 
boiling solvents have the disadvantage of being more difficult to remove 
completely from the final crystalline product. 

The two most important steps in a good crystallization procedure are: 
first, the preparation of pure crystals (or as nearly pure crystals as it is 
possible to obtain); and second, complete separation of the liquid from the 
solid. In general, the procedure for crystallization is to heat the mixture 
of solvent and solute until the latter dissolves, filter hot, reheat to dissolve 

,M H. W. B. Roozeboom, Die heterogenni Gleichgewichte tom Standpunkte der Phascn- 
Ichre. Vol. Ill, Part I, Vieweg, Braunschweig, 1911, p. 46. 
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any solid which may have formed, add a seed crystal, allow the mixture to 
cool slowly until crystals form in sufficient quantity, and finally separate the 
crystals from the mother liquor. The amount of solvent employed should 
usually be sufficient just to dissolve the material at a temperature fairly 
close to the boiling point of the solvent so that the maximum cooling 
effect can be obtained. To follow the progress of the purification, the 
melting point of these crystals should lx* taken. If it is higher than that 
of the original substance, the crystallization process should be repeated 
until no further rise is observed. Before determining the melting point, 
care should be taken to remove the last traces of solvent. This can best 
be done by heating in vacuo below the melting point in an Abderhalden 
drier. 

An additional crop of crystals may be obtained from various mother 
liquors, either by cooling to a lower temperature or by partial evaporation, 
heating to dissolve any solid formed, and then cooling. The second crop 
of crystals is usually considerably less pure because the proportion of 
impurities is higher in the second mother liquor than in the first mother 
liquor. 

Impurities may be carried down by occlusion in the crystals formed, 
especially if the rate of crystallization is too high. When crystals are 
formed rapidly, the concentration of impurity in the vicinity of the crys¬ 
tals is relatively great, due to the removal of the main solute from solution. 
Further growth on these crystals will therefore be less pure. Slow cooling, 
i. e., slow crystal formation, permits the main solute to diffuse in the direc¬ 
tion of the crystals and thus maintain a more uniform concentration 
throughout the solution. A low degree of supercooling, seeding, a slow 
rate of cooling, and gentle stirring—all aid greatly in obtaining pure 
crystals. 109 

Evaporation of the solvent during crystallization should be avoided 
because evaporation from the surface of the liquid tends to leave a crust of 
solute and impurities on the edges or sides of the container, thus adding 
to the amount of impurity present in the final product. It is therefore ad¬ 
visable to carry out the crystallization in stoppered Erlenmeyer flasks or 
similar closed containers. Crystallization by evaporation of the solvent 
is usually considerably less efficient as a means of purification than is crys¬ 
tallization effected by temperature change. 

Separation of the mother liquors from the crystals is the second im¬ 
portant step in obtaining a pure product. The common method of de¬ 
cantation or filtration on a funnel leaves mother liquor upon the crystals 
even if the crystals are washed with pure solvent. When this liquid is 
evaporated off in drying the crystals, all the impurities present therein 

IM F. W. Schwab and E. Wichers, /. Research Natl. Bur. Standards, 32, 253 (1944). 
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are deposited on the crystals. Experiments by Richards 110 demonstrated 
the superiority of centrifugation as a means of separating the liquid from 
the solid phase. Two crystallizations of sodium nitrate with nitric acid 
as an impurity removed only 90% of the impurity when the decantation 
method .was used and 99.995% when centrifugation was used for separating 
the solid. If, however, the substance is almost pure, little may be gained 
for practical purposes by the use of the centrifugation method. The 
impurities remaining on the solid after decantation or filtration may often 
be removed to some extent by washing the wet crystals with more of the 
pure solvent, thus diluting the concentration of the impurities in the 
mother liquors remaining. This procedure has the disadvantage, however, 
of washing away part of the product and thus lowering the yield. 

It is often difficult to find a solvent which has the correct solubility 
characteristics for a desired crystallization. In such cases, the method of 
mixed solvents may sometimes be successfully used. The material is 
first dissolved in solvent A, in which it is very soluble. The solution is 
then brought to an elevated temperature and solvent B, in which the sub¬ 
stance has a limited solubility, is added until turbidity is observed. The 
solution in the mixed solvents is then warmed a little until clear and 
allowed to cool slowly, permitting crystallization to take place. A less 
pure second crop of crystals may be obtained from the mother liquor by 
repeating with the addition of more solvent B or merely by cooling the 
mother liquor to a lower temperature. 

To crystallize small quantities successfully, mechanical loss must be 
avoided. This can be accomplished in many cases by means of a hot- 
extraction apparatus as described by Blount 111 or by means of a combina¬ 
tion filter and crystallization vessel described by Craig. 112 In the Blount 
apparatus, the material is placed in a sintered-glass filter funnel or a small 
Soxhlet thimble suspended from a condenser and is dissolved by refluxing 
the hot solvent from a vessel directly below. When extraction is complete, 
the solution is allowed to cool and the substance crystallizes. The sub¬ 
stance has thus been dissolved, filtered hot, and crystallized without 
handling, exposure, or removal from the apparatus. 

An efficient method of crystallization in which separation is made by 
centrifugation instead of filtration, and which is applicable to crystalliza¬ 
tions below room temperature is afforded by the centrifugal filtration 
tube 113 * 114 and its modifications. 112 

"o T. W. Richards, J. Am. Chem. Soc., 27, 104 (1905). See also N. F. Hall, J. Am. 
Chem. Soc., 39, 1148 (1917). 

111 B. K Blount, Mikrochemie, 19, 162 (1936). 

111 L. C Ciaig, Ind. Eng. Chem., Anal. Ed., 12,773 (1940). 

113 E. L. Skau, J. Phys. Chem., 33, 951 (1929). 

114 E. L. Skau and W. Bergmann, J. Org. Chem., 3, 166 (1938). 
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A typical centrifugal filtration tube with a standard taper ground joint 
is illustrated in figure 19. The crystallization tul>c, A, containing the 
solute and sufficient solvent is placed in a bath at the desired temperature 
until solution is complete. The sides of the tube are then washed down 
with a few drops of pure solvent so as to form a dilute 
layer on top of the solution. The porcelain filter, B, 
and the cap, D, arc fitted into position jus indicated, and 
the whole cooled slowly to the crystallizing temperature. 
The tube is then inverted and quickly spun in a centri¬ 
fuge. The mother liquor is thus efficiently removed at 
the crystallizing temperature from the solid phase which 
is retained above the filter disk in a hard pack. After 
centrifuging, the cap is carefully removed from the tube, 
still in the inverted position to avoid contact between 
the liquid and the solid. If the disk remains seated in 
the cap it is carefully removed with any loose crystals by 
means of the wire C. The mother liquor is removed 
from the cap which is then washed with solvent for the 
second recrystallization. The purified solid is kept in 
the crystallization tube and is redissolved in and re¬ 
crystallized from a fresh batch of solvent as before. If 
necessary the filter B may be covered by a piece of filter 
paper which has been slit where the wire is fastened to 
the disk. Glass tubes of various capacities made from 
tubing ranging from 6 mm. for semimicrocrystallizations 
to 45 mm. are available and can withstand centrifuge 
speeds corresponding to 300 times gravity. It is con¬ 
venient to use tubular pieces of wood of various wall 
thicknesses to adapt the different sizes of tubes to the 
large centrifuge cups in a No. 2 Internationjil Centrifuge. 
A metal centrifugal filtration tube has now been designed 116 that has a 
capacity of 250 ml. and which can be centrifuged at much higher speeds. 

The centrifugal filtration tube is particularly applicable to the recrystal¬ 
lization of organic substances from solvents in which they have a high 
solubility and a high temperature coefficient of solubility. The sample is 
enclosed so that condensation of water vapor in the solution and evapora¬ 
tion of solvent are precluded. Thus 2,4-cholestadiene was prepared for 
the first time in highly pure form by a number of recrystallizations at 0° C. 
from one-half its weight of ether. 114 Similarly a sample of lauric acid was 
subjected to six recrystallizations from one half or less its weight of acetone 
at 0° C. with an over-all yield of about 62% of highly pure product. 116 
lu E. L. 8kau, unjrublithtd work. 


Fig. 19.—Cen¬ 
trifugal filtration 
tube. 114 * 111 
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When it is desired to separate two or more substances or to purify a 
substance with maximum yield by recrystallization, a process of system¬ 
atic fractional crystallization is employed. This involves separating the 
substance into a number of fractions of varied composition or purity and 
recombining crystals and mother liquors of like composition or purity ac¬ 
cording to a specified plan, thus avoiding unnecessary accumulation of 
small crops and mother liquors. This method has been used in the iso¬ 
lation of rare earth salts 1 ' 6 and is described in many textbooks and manuals. 
It is concisely outlined by Cumming, Hopper, and Wheeler" 7 as follows in 
connection with figure 20. 



Fig. 20.—Scheme for systematic fractional 
crystallization. 111 


“The mixture is dissolved with the aid of heat in a solvent to give solution (1). 
From this solution on cooling, crystals separate which are filtered off, and solution 
(1) is thereby divided into crop (2) and mother liquor (3). Crop (2) is dissolved 
in the minimum quantity of hot solvent, and from the resulting solution, after 
cooling, crop (4) and mother liquor (5) are obtained. Mother liquor (3) is concen¬ 
trated, and from the concentrated solution after cooling, crop (6) and mother liquor 
(7) are obtained. Crop (6) and mother liquor (5) are united to form a single frac¬ 
tion, and after being heated to dissolve, are subsequently cooled to give rise to 
crop (10) and mother liquor (11). Crop (4) is dissolved in a small portion of pure 
solvent by heating and after cooling is divided into crop (8) and mother liquor (9). 
Mother liquor (7) after concentration and cooling yields crop (12) and mother 
liquor (13). (9) and (10), likewise (11) and (12), are united to give single fractions. 

116 J. N. Friend, Textbook of Inorganic Chemistry. Vol. IV, Griffin, London, 1928. 

117 W. M. Cumming, I. V. Hopper, and T. S. Wheeler, Systematic Organic Chemistry 
3rd ed. rev., Van Nostrand, New York, 1937, p. 15. 
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Proceeding in this way, the Ie:ist soluble compound goes to the left in the diagram, 
while the most soluble goes to the right, and compounds of intermediate solubility 
lie between these extremes." 

The crystalline crops obtained by this method should be tested for 
purity by observation under a lens or microscope or by melting-point 
determination. If the crop is found to be pure, it should be set aside. 
If the crystalline material consists of two different crystal fractions, the 
solution from which it was obtained was evidently saturated with respect 
to both. The solvent should be evaporated off, in this case, and another 
solvent tried, one in which the substances have different solubilities. 

The chance of contamination and the inevitable loss of material plus the 
tediousness involved in the filtration method makes it undesirable for use 
in systematic fractional crystallization. In their work on lead nitrate, for 
example, Richards and Hall 11 * used decantation entirely. This is suitable 
in the case of an inorganic salt but is extremely inefficient when the crys¬ 
tals are less dense and when small amounts of volatile solvents are used as is. 
often the case with organic compounds. The use of a series of centrifugal 
filtration tubes with interchangeable ground joints very effectively over¬ 
comes these difficulties. 

A discussion of purification by crystallization would be incomplete with¬ 
out some mention of purification by slow fractional freezing. Two tech¬ 
niques have been described. 119 The first involves the slow lowering of a 
cylindrical cell, filled with the fused substance, through a heating coil in 
such a way that freezing begins at the bottom and progresses upward, as 
the cell emerges from the coil, until the whole mass is frozen. During the 
freezing, which may extend over a period of several hours, the liquid por¬ 
tion is constantly stirred. Finally the tube containing the solid material 
is cut into fractions as desired, the last portion freezing being discarded 
as the least pure. 

In the second method, which is suitable for larger quantities, a spherical 
flask filled with the stirred liquid is cooled at a very low rate in such a way 
that freezing begins at the wall of the flask and proceeds inward until the 
desired fraction has solidified. The less pure liquid portion remaining is 
siphoned out of the flask. The crystallized material is partially melted 
and washed by insertion of a small radiant heater (such as an automobile 
light bulb) into the center of the flask to form some liquid which is also 
siphoned off. Schwab and Wichers estimated in their purification of 
benzoic acid by this second method that two fractional freezings were as 
efficient as eleven recrystallizations from benzene or twenty-five from 
water. 

*“ T. W. Richards and N. F. Hall, J. Am. Chem. Soc., 39, 531 (1917). 

1,9 F. W. Schwab and E. Wichers, J. Research Nad. Bur. Standards, 32, 253 (1944). 
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VI. GUIDE FOR SELECTION OF METHODS 

The various methods for determining melting and freezing temperatures 
have been classified in table VI with a list of the more important applica¬ 
tions and the estimated maximum accuracy of each. The latter often 
varies with the characteristics of the substance under investigation. For 
example, a high accuracy is attainable by cooling curves only when the 
rate of crystallization is rapid enough to insure true phase equilibrium. 

Table VI 

Classification of Mkltino- and Freezing-Point Methods 

Approximate 

, I Special applicabilities maximum I'utC’ 

Apparatus or metnoa or n( j ranU|(ni nccurucv. numlu-r 

# C. 


I*I RK OK NEARLY I'l'KE SUBSTANCES 


A. Visual methods 

Capillary, Thiele tube 

Capillary, copper block 

Capillary, Hershberg 

Capillary, Francis-Col- 

llDS 

Dennis bar . 


Microscope hot-stage 

B. Cooling-curve methods 
Modified Beckmann 
Lynn 

Skau 


Natl. Bur. of Stands. 


Small sample, routine, con¬ 
venient 

Small sample, routine, con¬ 
venient 

Small sample, routine, con¬ 
venient 

Small sample, higher pre¬ 
cision 

Small sanrnlc, rapid, unsta¬ 
ble and high-melting sub¬ 
stances 

Microsample 


2-5 g., convenient 

1 g., high - melting sub¬ 
stances 

0.5 g.. -180° to -4-200° 

C., closed system, hygro¬ 
scopic, also transition 
points 

50 ml., liquids, correction 
for impurities, high pre¬ 
cision 


0.5-1.0 high 

7b 

2 high 

78 

0.3-0.5 high 

77 

*0.2 

78 

*3 

78 

*1 

70 

*0.1 

88 

*0.2 

70 

*0.03 

72 

*0.002-0.005 

72 
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Table VI ( Continued) 


E. Visual methods 
Capillary, Rheinboldt 

Static 

“Contact,” Kofler mi¬ 
croscopic 

Grimm microscopic 

F. Cooling-curve methods 
Modified Beckmann 

Andrews, Kohman, 
Johnston 


BINARY MIXTURES 


Small samples, also “thaw 
points” 

*2-5 

Most reliable, closed sys¬ 
tem, hygroscopic, vola- 

fjlp 

*0.1 

vJIC 

Microsamples, identifica¬ 
tion of type of binary sys¬ 
tem 

qualitative 

Microsamplcs, also “thaw 
points” 

*2 

Reliable only for dilute solu¬ 
tions 

0.2 to 10 low 

Easily crystallizable sub¬ 
stances 

*0.1 


000 

000 

000 

000 

000 

000 


It should also be noted that the reproducibility by a given method for 
determining melting and freezing temperatures is not a measure of accu¬ 
racy. Thus in the case of dynamic visual methods, the temperature meas¬ 
ured is that of the bath or the environment and this must obviously be 
above the true melting temperature if it causes a change from the solid to 
the liquid phase in the sample. 

In the case of cooling- or heating-curve methods the temperature of the 
melt itself is measured but we are still dealing with a dynamic system. 
For attaining high accuracy a static method is usually advantageous. 
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I. INTRODUCTION 

In addition to their use in characterizing organic preparations, precise 
determinations of boiling and condensation temperatures have been em¬ 
ployed to calibrate thermometers, to detect changes in pressure, to study 
zeotropic and azeotropic systems, and to determine pressure, molecular 
weight, the variation of boiling temperature with pressure, solubility, 
equilibrium constants, moisture content, impurity content, thermal re¬ 
sistivity, and the amount of vapors adsorbed by solid substances . 1 

•Present address: Zaklad Chemii Fizycznej, Politechnika Warszawska, Warsaw, 
Poland. ’ 

f In the absence of Dr. Swietoslawski, the junior author has revised the chapter ap¬ 
pearing under the same title in the first edition of this volume. 

* W. Swietoslawski, Ebulliometric Measurements. Reinhold, New York, 1945. 

107 






















108 


w. SWIKTOSLAW8KI AND J. K. ANDKRSOV 


It is desirable therefore to describe in this chapter methods whereby 
these very useful temperature measurements may be made with highest 
precision. Moreover, since most organic laboratories, even in the United 
States, are not as yet equipped with precise manostats nor with precise 
electrical thermometers, it is desirable that the methods here described 
include those which offer high precision despite these limitations. 

The temperatures of liquid-vapor equilibria may now be measured with 
a precision of about =fc 0.001° C. In most of the techniques described in 
this chapter, both the boiling temperature and the condensation tempera¬ 
ture are measured. In practice, except in rare cases, they are found to be 
different. It is essential, therefore, to define these terms. 

The boiling temperature of a system, at a specified pressure, may be de¬ 
fined as the temperature at which the vapor pressure of the system is equal 
to the specified pressure. If a system boils, vapor is produced. If the 
system can be rectified thermally, the vapor will be richer in at least one 
component than is the remaining liquid phase, and the extent of this change 
in composition of the liquid phase depends on the relative proportion of the 
system which is no longer in that phase. 

The term condensation temperature will be used in this chapter to identify 
the temperature which is established on the bulb of a thermometer, or on 
any other surface, on which a thin film of liquid coexists with vapor from 
which the liquid condensed. It is a common practice to identify this tem¬ 
perature as “boiling point/’ since for systems which are not rectifiable it is 
equivalent in value, if not in principle, to the boiling temperature of the 
system. Should the system be rectifiable, however, this temperature will 
be lower than the boiling temperature, and its absolute value for a given 
rectifiable system is, within certain limits, a function of the dimensions of 
the apparatus, the operating conditions, and the position of the thermome¬ 
ter in the apparatus. 

II. CLASSIFICATION OF LIQUID MIXTURES 

It is of great importance that those who measure boiling and condensa¬ 
tion temperatures understand the phenomena that occur when mixtures of 
two or more components are boiled. Because of space limitations, how¬ 
ever, only binary liquid systems will be discussed here. 

The mixtures formed by two liquids may be: ( 1 ) homozeotropic, (2) 
heterozeotropic, (3) homoazeotropic, and ( 4 ) heteroazeotropic. In cases 
(I) and (3), the boiling mixture consists of one liquid phase only; in cases 
(3) and ( 4 ), the system is composed of two boiling liquid phases. 

Zeotropic refers to a liquid whose components may be separated by or¬ 
dinary distillation. The isotherm representing the dependence of vapor 



IV. BOILING AND CONDENSATION TEMPERATURES 


109 


pressure, P, on concentration, C, of a zeotropic mixture, does not possess a 
maximum or minimum. If the mixture obeys Raoult’s law, the isotherm 
is a straight line; if it does not, two other kinds of curve may result. The 
isotherm may lie above the straight line expressing Raoult’s law (positive 
deviations) or below it (negative deviations). See figure la. The corre¬ 
sponding isobars in which the boiling temperatures are plotted against the 
composition of the mixture are shown in figure 16. 



Fig. 1. Positive and negative homozeotropic mixtures. 



Fig. 2. Binary heterozeotropic mixtures. Fig. 3 -Positive and negative homoazeo- 


tropes. 


Th ° barS (and lsotherms ) of heterozeotropic mixtures are composed of 

T'TT’ and “ Straight Une paralleI t0 the axi * of con¬ 
centrations (Fig. 2). Heterozeotropy is but rarely encountered \ny 
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homo- or heterozeotropic mixture boils at a temperature higher than the 
boiling temperature of the more volatile component, and lower than that 
of the less volatile component. The boiling temperature of a homozeo- 
tropic mixture increases gradually with the increase in concentration of the 
higher boiling component. The same phenomenon occurs in the case of a 
heterozeotropic mixture, but only within the concentration limits in which 
the boiling mixture forms a single phase. At the moment the second phase 
appears, and, in distillations, as long as two liquid phases exist, all such 
mixtures boil at a constant temperature lying somewhat above the boiling 
temperature of the more volatile component. 

If two liquids form one liquid phase, and if the isotherm possesses a 
minimum or maximum, there exists a mixture boiling at a maximum or a 
minimum temperature. This phenomenon is called homotizcotropy. Two 
kinds of homoazeotropes are known: positive, with vapor pressures hav¬ 
ing a maximum, and boiling temperatures having a minimum; and nega¬ 
tive, with these reversed. The isobars of both types are shown in figure 
3. The components of such mixtures cannot be separated by ordinary 
distillation when working at the pressure at which a minimum or maximum 
was found when establishing the isobar. For instance, benzene and ethyl 
alcohol form a positive homoazeotrope at atmospheric pressure and mix¬ 
tures of these two substances cannot be separated by distillation at at¬ 
mospheric pressure. 

If a system of two components at the boiling temperature forms two 
liquid phases, and the mixture boils at a temperature lower than that of 
the more volatile component, the mixture is called hctcroazcotropic and the 
phenomenon itself heleroazeotropy. Only positive heteroazeotropes are 
known; and it is most improbable that any negative heteroazeotropes will 
be found. Isobars (and isotherms) of binary heteroazeotropes are composed 
of three portions (see Fig. 4), two curves, and a straight line parallel to the 
axis of concentrations. The straight line is called the heteroazeotropic 
line. All mixtures represented by any point on the heteroazeotropic line 
boil at a constant, minimum temperature. The heteroazeotropic point 
(HtAZ, Fig. 4) lies on the heteroazeotropic line. This point represents 
the composition of the vapor in equilibrium with the two liquid phases at 
the minimum boiling temperature. Hence, when distilling a heteroazeo¬ 
tropic system, at constant pressure, the distillate will have the composition 
represented by the heteroazeotropic point as long as two liquid phases exist. 
Afterward, the distillate may become progressively richer in the component 
originally present in excess of that composition represented by the hetero¬ 
azeotropic point. 

By changing the pressure, the heteroazeotropic point is displaced toward 
one end of the heteroazeotropic line (Fig. 5). If the pressure is further in- 
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creased, the heteroazeotrope may be changed into a homoazeotrope—a 
transformation that demonstrates the close relation between homo- and 
heteroazeotropy. Likewise, homoazeotropic mixtures may often be trans¬ 
formed into homozeotropic mixtures by changing the pressure. 



I* iff. 4. Binary heteroa/eotropic Fig. 5.—'Transformation of heteroazeotrope 

mixtures. into homoazeotrope by increase of pressure. 


III. MEASUREMENT OF TEMPERATURES 

1. Apparatus 

A. BOILING TEMPERATURE 

A liquid does not boil at its boiling temperature; if it boils, it is super¬ 
heated. Hence, methods for determining the boiling temperature of a 
solution were, until the appearance of the classical paper of Cottrell , 2 most 
unsatisfactory f and a great deal of complicated apparatus was devised for 
the purpose of overcoming the difficulties involved . 3 

Were it possible to eliminate superheating, a thermometer immersed in 
a liquid would indicate a boiling temperature higher than the correct value. 

* F. G. Cottrell, J. Am. Chem. Soc ., 41, 721 (lyjy). 

1 A. W. C Menzies and S. L. Wright, Jr.. J. Am. Chem. Soc., 43, 2314 (192!): con¬ 
tains an excellent bibliography on ebullioscopic apparatus used prior to 1919 . 
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Since a liquid boils under the pressure established at its surface plus the 
hydrostatic pressure at the level in the liquid at which the temperature is 
measured, the temperature indicated on a thermometer immersed in a 
boiling liquid will depend, among other factors, on the depth to which the 
thermometer is immersed. 



Fig. 6. Cottrell's ebullioscopc.* The liquid is boiled in a; the inverted funnel car¬ 
ries a broken stream of liquid tx> the upper part of the apparatus; a thin film of liquid 
drains down the thermometer. Solute may be introduced through tube h. 

Fig. 7. Apparatus of Washburn and Read. 4 The liquid is boiled in the lower part of 
the apparatus; the inverted funnel carries a broken stream of liquid and ejects it onto 
the thermometer. Samples of the boiling liquid are withdrawn through the side tube; 
solute is introduced through the condenser. 

Fig. 8.—Menzics-Wright molecular-weight apparatus.* The liquid is boiled in the 
lower part of the apparatus; the inverted funnel carries a broken stream of liquid and 
ejects it onto the lower bulb of a Menzies differential thermometer. Solute is introduced 
through the condenser. 


Cottrell 2 placed the thermometer bulb in the gas phase, as in condensa¬ 
tion-temperature measurements, but so arranged the apparatus that the 
ebullition of the liquid itself would mechanically pump some of the latter 
onto the thermometer. Thus, the same relations of gas, liquid, and ther- 

4 E. W. Washburn and J. W. Read, J. Am. Chem. Soc., 41, 729 (1919). 
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momeler which ordinarily obtain in condensation-temperature measure¬ 
ment were duplicated, except that, whereas the vapor phase is condensed 
on the thermometer in condensation-temperature measurement, the liquid 
phase is, in part, evaporated from the thermometer in the boiling-tempera¬ 
ture measurement. 

Evaporation occurs because the liquid, thrown onto the thermometer by 
the Cottrell lift pump, is slightly superheated. In spite of this superheat¬ 
ing, Cottrell's pump makes possible a direct measurement, with high ac¬ 
curacy, of the boiling temperature of a liquid substance or of a solution. 
Devices in which such measurements are made have been termed ebullio- 
scopes or ebulliometcrs. 

Cottrell's 2 ebullioscope is depicted in figure 6, and a popular modification 
of it, due to Washburn and Read, 4 is shown in figure 7. Combining the 
advantages of Cottrell's lift pump and Menzies’ 6 differential thermometer, 
Menzies and Wright 3 designed a differential apparatus, illustrated in figure 
8, for ebullioscopic molecular-weight determinations. This apparatus, 
aside from use of the differential thermometer, does not differ in principle 
from Washburn and Read’s modification of Cottrell’s ebullioscope. In 
use it has enjoyed wide application, especially in its latest modification 8 
shown in figure 9. All the details of construction and manipulation of the 
modified Menzies-Wright apparatus are given in a recent publication. 8 

It should be emphasized that where using the Menzies-Wright appara¬ 
tus neither the boiling temperature of the solution nor the condensation 
temperature of the vapor is measured directly; the difference between 
these temperatures will cause a correlative change of level in the liquid in 
the two limbs of the thermometer—a change whose magnitude may be 
used, with the aid of an appropriate table, as a measure of the temperature 
difference that caused it. In practice in molecular-weight determinations, 
the apparatus including the thermometer is usually calibrated directly 
with substances of known molecular weight. 

A number of other modifications of the Cottrell apparatus have been 
described; all are recommended for boiling-temperature determinations of 
pure liquids or of solutions. In the simple ebulliometer designed by 
Swietoslawski, 7 shown in figure 10, the liquid is boiled in the pear-shaped 
vessel A. As the vessel is entirely filled with the liquid, there is no room 
for the vapor phase. The latter leaves the vessel through tube I (inside 
diameter, 7 mm.) carrying boiling liquid (cf. the Cottrell pump) and 

• A. W. C. Menzies, J. Am. Chem. Soc., 43, 2309 (1921). 

* W. E. Barr and V. J. Anhorn, Instruments , 20, 342 (1947). 

7 W. Swietoslawski and W. Romer, Bull intern, acad. polon. sci., Classc A, 1924, 
59. W. Swietoslawski, EbuUiometric Measurements, Iteinhold, New York, 1945, p,>. 
6, 7, 11. 
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throws it, through C, onto the surface of the well B, in which the thermome¬ 
ter or other device for measuring the temperature is situated. The well is 
scaled into the apparatus to prevent contact of the liquid and vapors with 
anything but glass. 



Fin- 10.—Simple ebulliometer. 

Experiments have shown that the liquid passing through / is always 
superheated. This superheating does not ordinarily exceed 0.030-0.050 
C. If M represents the superheating, c the heat capacity of the liquid, and 
/ the heat of vaporization of one grain of the liquid, the weight, wi, of the 
liquid to be evaporated, in order to reach equilibrium with the vapor, may 
be expressed by: m = c • M/I. 

For the majority of liquids, rn is very small, and hence equilibrium can be 
established very rapidly, i. e., before the liquid reaches that part of the 
thermometer well which surrounds the bulb of the thermometer. 

The heat applied to the pear-shaped vessel is regulated in accordance 
with the indication of drop counter F. The number of drops, n, passing the 
drop counter per second is practically proportional to the intensity of heat¬ 
ing. For proper functioning of the apparatus, the number of drops per 
second must be neither too small nor too large. There is a range in which 
the temperature in B does not change with a change in the number of drops 
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per second. The intensity of heating should be maintained so as to have 
the number of drops within this range. For instance, for water, the num¬ 
ber of drops may vary from 8 to 25 per minute. If the number is less than 
8 per minute, the heat supply is usually not sufficient; if the number is 
too large, the temperature inside the ebulliomcter is too high. With in¬ 
creased intensity of heating, superheating of the liquid may be too great 
to permit sufficiently rapid attainment of equilibrium between the liquid 
and gaseous phases. Water possesses a very high heat of condensation 
and hence a relatively small number of drops per minute is required to 
heat an insulated apparatus adequately; with other liquids, the number 
of drops flowing through the drop counter per unit time should be greater. 

If a solution, instead of a pure liquid, is caused to boil in an ebulliometer 
there is a small increase in concentration of the solution, because of prefer¬ 
ential evaporation of the low-boiling component. This requires the intro¬ 
duction of a small correction. 

B. CONDENSATION TEMPERATURE 

Many devices enabling measurement of condensation temperature have 

been recommended. The head of a distillation 
column presented in figure 11 is convenient, and, 
when employing it, such measurements can be 
made with a precision of a few thousandths of a 
degree. It may be used as the head of a distill¬ 
ing column, a boiling flask may be joined to it, or 
it may be made a part of a differential ebulli¬ 
ometer as described below. 

An elaborate “boiling-point” apparatus, used 
for measurement of vapor pressures and “boiling 
points,” over the range of 47 to 780 mm. of 
mercury, and above about 12° C., has been 
employed at the National Bureau of Standards, 8 
Washington, D. C. This apparatus, the boiler 
and related parts of which are illustrated in 
figure 12, does not offer the possibility of meas¬ 
uring the boiling point of a solution, nor of that 
of a solvent contaminated by high- or low-boiling 
impurities. From the method of preparation and 
purification of the compounds examined in this 
apparatus at the Bureau, it was concluded that: (a) the remaining im- 

BaiT and V * Anll0rn > Instruments, 20 , 822 (1947). 

v W - J- Taylor, J. M. Pignocco, and F. D. Rossini. 7. Research 

Nail. But. Standards, 35, 219 (1945). 



Fig. 11.—Head for 
condensation-tempera¬ 
ture measurements. 7 * 
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Fig. 12.—Details of the boiler and related parts of the “boiling-point'’ apparatus used 
at the National Bureau of Standards: A, tube through which the sample is introduced; 
B, platinum resistance thermometer; C, stopcock; D, condensers; E, ground-glass 
valve for withdrawing distillate; F, thermocouple for measuring difference in tempera¬ 
ture between the wall of the glass boiler and the jacket; G, metal control for the ground- 
glass valve; H, receiver for recovering sample at the conclusion of the measurements; 
I, receiver for collecting distillate removed from the head during the experiment; J, 
glass well for the platinum resistance thermometer; K , radiation shield of aluminum 
foil; L, electric heater for boiling the liquid in the pot; M, jacket, V 4 -in. wall, of alumi¬ 
num; N, tube for withdrawing sample from the pot; O, thermal insulating jacket, 
Pyrex glass cylinder with an asbestos layer covered with aluminum foil; P, Hat electric 
heater for the aluminum jacket; Q, transite support; R, thermal insulation, covered 
with aluminum foil; W, glass rod supports for the thermometer well; A', glass rod 
“spiders”; Y, connecting tube for equalizing pressure; Z, transite collar for centering 
boiler. 8 
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purities were close-boiling and isomeric; and (b) their amount was so low 
as to have no significant effect upon the measurements. Traces of moisture 
were removed from the apparatus and from the samples before making the 
measurements, by removing 1 ml. of liquid from the condenser through 
the ground-glass valve (E, Fig. 12) into the receiver (/). The manostat 



Hr. 13.—Differential ebulliometer. Fig. 14.—Differential ebullioraeter 

with standardized dimensions. 


used in conjunction with this apparatus is discussed in another chapter 
(see page 170). 

C. DIFFERENTIAL APPARATUS 

With differential ebulliometers, 9 both the boiling temperature of a liquid 
and the condensation temperature of its vapors, after the latter have been 
subjected to some degree of rectification, are measured simultaneously. 

Swieto8,aW8ki , EbuUiometric Measurements, Reinhold New York. 1945. pp. 
11, 18, 28. 
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A differential ebulliometer for molecular-weight work is depicted in figure 
13 Its lower portion, i. e., the boiler and lower thermometer well, is con¬ 
structed like a simple ebulliometer. The upper part 
contains a second thermometer well which permits the 
determination of the condensation temperature of the | 

vapor. The difference between the boiling tempera¬ 
ture. measured in B , and the condensation tempera¬ 
ture, measured in H, is significant in various respects; p 

for example, in molecular-weight or degree-of-purity 
determinations, as explained below. The side tube, 

E, serves for the introduction of the solute in molecular- 

weight work. T * 

In figure 14, a differential ebulliometer of standard¬ 
ized dimensions is shown. It. differs from the appa- \ / 

ratus shown in figure 13 in that a short distilling L 

column is located between thermometer wells, h and ^ 

k, and drop counters, f x and/ 2 . This column contains 
no packing and, since the distance between the two 
levels at which the thermometers are located can be p 

measured, the error caused by the difference in pres¬ 
sure at these levels may be calculated. This ebulliom¬ 
eter is used for the determination of the ebulliometrie 
degree of purity of substances and for many other pur- f) CzJ 

poses . 10 T i wFj 

If less than 50-75 ml. of liquid is available for test, 
the size of the pear-shaped vessel may be adjusted for 
only 5-7 ml. of liquid. 

Another ebulliometer, shown in figure 15, permits 
determination of the difference between two conden¬ 
sation temperatures measured at levels T x and TV It i,_ 

is convenient for study of the ebulliometrie degree of 

purity of high-boiling liquids. The sample is heated 

in A. The apparatus is provided with two drop measuring the con- 

counters, F i and F 2 , and a large joining tube, P, which densation tempera- 

serves as a distilling column without packing. The tures on two levels. 

vapor is condensed in D t and the condensate flows 

through the drop counter F 2 . Greater precision is obtainable with the 

ebulliometer shown in figure 14, but the apparatus depicted in figure 15 is 

often adequate for purity determinations. 

10 W. Swietoslawski, Ebulliometrie Measurements, Reinhold. New York 1945 no 
17. 21. 23. * 
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D. APPARATUS CONSTRUCTED FROM STANDARD ELEMENTS 

The ebulliometers shown in figures 10, 13, 14, and 15 have in recent years 
been improved: (a) by better adaptation to electrical heating, (b) by 
adaptation to ordinary Beckmann thermometers, and (c) by t he development 
of universal, interchangeable, standardized ebulliometer elements, from 
which almost any type of ebulliometer can be arranged. 

In figure 16, these standardized elements, 11 adapted to electrical heating 
and to ordinary Beckmann thermometers, are shown. Although it was 
originally recommended that the standardized elements should be equipped 
with ground joints of standard taper, 12 a more recent publication 11 points 




Fig. 16.—Standardized elements.' 1 


Fig. 17.—Simple 
ebulliometer." 



out that, for very precise work, the use of ground joints other than the one 
indicated in figure 16# should be abandoned. Standardized elements 
should, however, be retained during construction and shipment; various 
ebulliometers may then be assembled by sealing the elements together in 
the laboratory in which the apparatus is to be used. 

Element A (Fig. 16) is the boiling-temperature section of all ebulliom¬ 
eters in which boiling temperatures are to be measured. B is a conden- 

11 W*. E. Barr and V. J. Anhorn, Instruments, 20, 822 (1947). 

12 W. Swietoslawski, EbuUiometric Measurements, Reinhold, New York, 1945, pp. 
28, 29. 
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sat ion-temperature element, C is a rectifying column without packing, and 
elements D and E form, together, a condensing system so designed that 
moisture may be removed from the substance under examination. E is 
equipped with: (a) a ground joint for holding a receiver in which small 
amounts of wet distillate may be collected, and (6) a side arm for connec¬ 
tion to a manostat to which other ebulliometers, each operated under the 
same pressure, may be joined. 



Fig. 18. —Differential Fig. 19. — Differential Fig. 20. — Differential 
cbuliiometcr for molecu- ebulliometer for dcgree-of- apparatus for measuring 
lar-weight studies. 11 purity studies and for boil- two condensation teniper- 

ng-pointdetenninations. 11 atures.” 

Elements A, D, and E may be combined as shown in figure 17 to form a 
simple ebulliometer. A differential ebulliometer for molecular-weight 
studies is shown in figure 18; it may be constructed from elements A, B , 
D, and E. lo assemble a differential ebulliometer for determination of 
the ebulliometric degree of purity of liquids, elements A, C, B, D, and E are 
combined as in figure 19. Finally, an ebulliometer for determining two 
condensation temperatures (see also Fig. 15) is constructed from elements 
B, C, B, D, and E, as in figure 20. A large number of other ebulliometers 
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for determinations not dealt with in this chapter may also be constructed 
from the standardized elements . 11 

E. MANIPULATION OF APPARATUS 

The manipulation of all types of ebulliometer is practically the same. 
Heating of the boiler is regulated in accordance with the indications of the 
lower drop counter. In differential and multiple-stage ebulliometers, the 
tube connecting the upper drop counter with the lower part of the ebulliom¬ 
eter is heated so that the same number of drops flow through each drop 
counter. Heat may be supplied with an electric heater or a gas micro- 
burner. If the same number of drops flow through each drop counter, it 
may be assumed that substantially the same amount of vapor is passing 
through any section of the apparatus per unit time. 

If the boiling temperature of the liquid under examination does not 
exceed 100-110° C., bulbs of the thermometers in the thermometer wells 
may be surrounded with mercury and the latter covered with mineral oil. 
If higher-boiling liquids are examined, high-boiling mineral oil may be used 
exclusively, but more time must then be allowed for heat transfer between 
the surface of the thermometer well and the bulb of the thermometer. 

Electrical resistance thermometers, thermocouples, and mercury ther¬ 
mometers may be used for temperature measurement (see Chapter I). If 
high precision is required and Beckmann thermometers are used in the 
short thermometer wells (Figs. 10, 13, 14, and 15), special care must be 
taken with those thermometers which have a relatively long connection 
between the bulb and the very fine capillary in front of the scale. Because 
of the length and diameter of this connection, a relatively small change in 
the temperature of that portion of it emerging from the thermometer well 
will produce a large change in the position of the mercury meniscus. To 
eliminate this source of error, either the thermometer stem emerging above 
the apparatus should be protected by a constant-temperature jacket, or 
a short-stemmed Beckmann thermometer, especially adapted to ebullio- 
metric work , 10 should be used. 

2 . Comparative Ebulliometric and Tonometric Measurements 

Precise ebulliometric measurements require not only specialized appara¬ 
tus but also specialized techniques, based on the principle of comparative 
measurements . 18 The advantages in simplicity, convenience, and precision 
of the method of comparative measurements cannot be emphasized too 
strongly. 

18 W. Swietoslawski, Ebulliometric Measurements , Reinhold, New York, 1945, pp. 
57-72. . 
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In 1938, the International Union of Chemistry accepted the proposal of 
the Committee on Physicochemical Data that water be used as the primary 
standard substance in ebulliometry and tonometry. 14 Therefore, in all 
cases in which the boiling and the condensation temperature, or the coef¬ 
ficients dt/dp or dp/dt, are measured, water is to be used as the primary 
reference substance. 

This decision is based on the broader principle of comparative measure¬ 
ments, 15 according to which all physicochemical measurements are divided 
into two groups: absolute, and comparative. When making absolute 
measurements, all values are expressed in absolute units and all corrections 
arc introduced. Such measurements, which determine the physicochemical 
properties of standards, should be carried out by specialists. In other 
cases, the use of comparative measurements wherever possible is to be 

recommended. 

Comparative measurement consists in the direct comparison of the prop¬ 
erties of the substance under examination with those of a standard. Com- 
. parative measurements are made in such a manner that most or all of the 
corrections are unnecessary (see page 124). By means of comparative 
measurements, the accuracy of the results can be increased many times 
over absolute measurements made under similar conditions. For instance, 
if water is used as primary standard, or if other liquids are used as auxiliary 
reference substances, a relatively unskilled worker may determine the boil¬ 
ing temperature of a particular liquid with an accuracy of 0.005° C. and 
the coefficient dt/dp with an accuracy of 0.1% or better. Such precision 
has never been reached where ordinary laboratory apparatus and instru¬ 
ments have been used for making absolute measurements. 

3. Water as Primary Ebulliometric Standard 

Extensive and precise measurements have been made with the object of 
establishing the pressure-temperature relationships of water. 16 The 
range of pressure from 660 to 860 mm. Hg has been examined so carefully 
that the boiling temperature of water under a given pressure in this range 
is now known with an accuracy of 0.001° C. Table I contains part of 
the best data. 

14 W. Swietoslawski, Compl. rend. conf. union intern, chim. 13* Conf. Home, 1938. 
See also W. Swietoslawski, J. chim. phys., 27, 496 (1930). 

14 W. Swietoslawski, Compl. rend. conf. union intern, chim. 12* Conf. Lucerne, 1936. 

14 A. Zmaczynski and A. Bonhoure, Compl. rend., 189, 1069 (1929); J. phys. radium 
1, 285 (1930). N. S. Osborne and C. H. Meyers, J. Research Salt. Bur. Standards 13 
(R. P. 691), 1 (1934). L. B. Smith, F. G. Keyes, and H. T. Gerry, I*roc. Am. Acad. 
Arts Sci., 69, 137 (1934). I. A. Beattie and B. E. Bleisdell, ibid., 71, 361 (1937). A. 
Zmaczynski and H. Moser, Physik. Z., 40, 221 (1939). 
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For lower and higher pressures in the range from 300 to 2000 mm. Hg, 
p and l are given by the following equations: 16 

t = 100 + 0.0368578 (p - 760) - 0.000020159 (p - 760) 2 

+ 0.00000001621 (p - 760) 3 

p = 760 + 27.1313 (/ - 100) + 0.40083 (l - 100) 2 + 0.003192 (i l - 100)» 


Table I 

Boiling Temperatures of Water under Different Pressures* 


Pressure, mm. Hr Temp.. • C. 


660. 96.096 

680. 96.914 

700. 97.712 

720. 98.492 

740. 99.255 

760.100.000 

780.100.729 

800.101.443 

820.102.142 

840.102.828 

860.103.500 


• In the original table, figures are given to ten-thousandths of a degree.*• 


For still lower pressures, use may be made of the data of Osborne and 
Meyers , 16 although minor revisions of these data, due to Meyers and 
Cragoe , 8 are as yet unpublished. If other pure substances are employed 
as reference liquids, use may be made of data collected by Zmaczynski . 17 
He examined ethyl bromide, carbon disulfide, acetone, chloroform, carbon 
tetrachloride, benzene, toluene, chlorobenzene, and bromobenzene, in a 
series of comparative measurements, with water as the standard. 


4. Condensation Temperatures of Liquids during Rectification 

In the precise fractionation of already reasonably pure liquid substances, 
it is a common practice to determine the condensation temperature as a 
function of the volume of the distillate removed from the distilling head. 
In the usual case the experimenter is interested in determining precisely 
how the condensation temperature changes rather than in determining the 
temperature at any stage in the distillation. 

If it is desired to determine temperature differences with a precision 
of a few thousandths of a degree, and with a minimum of effort on the part 
of the experimenter, a simple, or, for preference, a differential ebulliometer, 
containing a sample of the same substance which is to be distilled, should be 

17 A. Zmaczynski, J. chim. phys., 27, 496 (1930); Congr. intern, quim. pura aplicada, 
9th Congr., Madrid, 1934, 2, 225. 
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placed alongside the head of the column. The condensation temperatures 
measured in the distilling head should then be compared with the boiling 
temperature of the sample in the ebulliometer. By this artifice: (a) 
variations in the condensation temperature occasioned by fluctuations in 
atmospheric pressure cannot cause inaccurate results although barometric 
pressure is not measured at any time during the distillation; and (6) 
thermometric (stem) corrections need not be made. The same thermome¬ 
ter may be successively transferred from the distilling head to the ebulli¬ 
ometer and then back to the distilling head, and, if the substance being 
purified is already reasonably pure, there will not be more than a few 
tenths of a degree difference between its boiling temperature and any of the 
various condensation temperatures determined at the head of the column. 



Fig. 21.—Distillation curve for reasonably pure 
benzene.* 7 * 


When a differential ebulliometer is employed in such measurements, the 
thermometer located in the condensation-temperature well of that device 
can be used to detect and correct for the most minute of pressure changes 
occurring while the other thermometer is successively transferred. 

Figure 21 illustrates the results that were obtained when three liters of 
already reasonably pure benzene was fractionated in a column of about 50 
theoretical plates. The curve, T, shows the condensation temperatures 
of the distillate as compared, on the scale of the same Beckmann ther¬ 
mometer, with the boiling temperature, X, of a sample of the same ben¬ 
zene. About 150 comparative temperature readings were made during 
the distillation, and not more than 15 of these, after correcting for changes 
in atmospheric pressure, deviated more than ±0.002° from the best curve 
17a J. R. Anderson, unpublished data. 
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drawn through all of the values. For comparing purities, the solid-liquid 
equilibrium temperatures of the fractions (FT, Fig. 21), with 5% of the 
sample in the solid phase, were compared with the solid-liquid equilibrium 
temperature of the best preparation of benzene then obtainable. The 
latter temperature, as read on the scale of the same Beckmann thermome¬ 
ter, is represented by the horizontal line, 1.578, in figure 21. 

Should the absolute values of the condensation temperatures be required, 
the ebulliometer should be filled with a properly chosen reference sub¬ 
stance. Better still, a second ebulliometer should be filled with the refer¬ 
ence substance, and that ebulliometer should be operated for short periods 
during the distillation. In this way it can be ascertained whether or not 
the sample in the first reference ebulliometer has undergone changes due to 
prolonged boiling. For example, in the experiment described above, a 
second ebulliometer, containing the purest sample of benzene, was operated 
during the first hour, the ninth hour, and the seventeenth hour of the dis¬ 
tillation, and it was found that the difference in boiling temperatures of 
the samples in the two ebulliometers was constant. 

Such precision is not required in everyday laboratory technique, and is 
not at present obtainable with small amounts of material. However, the 
corrections for change of pressure, and the direct comparison of the conden¬ 
sation temperature with the boiling temperature of a standard should al¬ 
ways be made. The difference found should be published together with the 
other data characterizing the liquid. 

This technique is exceptionally well adapted to the study of homoazeot- 
ropy. Here the condensation temperature of the azeotrope, measured at 
the head of a distilling column, is compared with the boiling temperature 
of the lowest boiling component, measured in an ebulliometer. 

In the distillation of reasonably pure liquids, attention should be paid 
to changes in the condensation temperature at the beginning of the distilla¬ 
tion to ascertain whether or not a water azeotrope contaminates the fore¬ 
runs. Often, when only a few hundredths of a per cent of moisture con¬ 
taminates the sample, an unexpectedly low condensation temperature is 
noticed. Should the substance form a heteroazeotrope with water, the 
first fraction should be removed through the condenser system as explained 
presently. 

Should an ebulliometer be unavailable, advantage may still be taken 
of the principle of comparative measurements in distillation studies of 
reasonably pure liquids or of azeotropes. A still head, identical with that 
employed on the column, may be equipped with a boiling flask, and the 
condensation temperatures of a reference substance in that device may be 
compared with the temperatures observed at the top of the distilling 
column. 



IV. BOILING AND CONDENSATION TEMPERATURES 


127 


5 . Boiling Temperature of Reasonably Pure Preparations 

It should be emphasized at the outset that, for the purpose of comparing 
the boiling temperatures of a preparation and of a reference liquid at a 
specified pressure, precise determinations of pressure are not required. If, 
for example, the normal boiling temperature of the reference liquid has 
been determined by a specialist, and if the worker of less skill has found 
that the difference between the boiling temperature of this reference sub¬ 
stance and the substance under examination is, for example, 2.632 ± 
0.002° at 760.0 ± 0.1 mm. Ilg, then the difference between the normal boil¬ 
ing temperatures (at exactly 1 atmosphere pressure) will be 2.632 ± 0.002°. 
From this it follows that the normal boiling temperature of the substance 
under examination can be reported to an accuracy of ±0.002°, even though 
the laboratory in which the measurement is made is not equipped with 
certified thermometric equipment or with precise barometers. When 
using the principle of comparative measurements, only calibrated , not cer¬ 
tified, thermometric equipment is required. 

Should it be desired to measure the boiling temperature of a liquid with 
an accuracy of ±0.002° without the use of a reference substance, the pres¬ 
sure would have to be known with an accuracy which exceeds that which 
usually can be established in ordinary laboratories, and the temperature¬ 
measuring equipment must, of course, be correct within 0.002°. 

With regard to temperature-measuring equipment, it should be remem¬ 
bered that, in spite of the fact that the bulb of a certified thermometer 
may undergo changes in volume, with the result that the readings for a 
fixed temperature may be shifted to one end or the other of the scale, tem¬ 
perature differences of a few degrees, when employing such a thermometer, 
can usually be determined with high accuracy. Changes in volume of the 
bulb are particularly annoying when using Beckmann thermometers. 
Nevertheless, calibrated Beckmann thermometers may be used to make 
very precise determinations of temperature differences. Given a suit¬ 
able number of adequately characterized auxiliary reference substances, it 
is doubtful whether certified thermometric equipment would ever be needed 
in most distillation laboratories. The accuracy of the determination of 
the boiling temperature of liquids in these laboratories should, however, 
always be 0.05° C. or better. 

Considerable effort has been expended in recent years toward designing 
and building precision manostats. One of the best of those thus far pro” 
duced is described elsewhere in this volume (see page 170). It should be 
emphasized that if in principle a manostat can be calibrated by measuring 
the temperature at which water boils, then the temperature at which water 
boils can be measured simultaneously with the measurement of the boiling 
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temperature of the substance under investigation. As a matter of fact, 
if precise electrical thermometers are available to him, the chemist has little 
need, except in the case of low pressure, to attempt precise direct measure¬ 
ments or precise regulation of pressure. Instead, he should connect an 
ebulliomcter to his manostat, and measure, as often as is required, the 
boiling temperature of water or of an auxiliary reference substance. 

If the boiling temperature of the substance under examination be com¬ 
pared with that of the reference substance under a pressure considerably 
different from normal, the difference between the normal boiling tempera¬ 
tures of the substance and the standard can, of course, be calculated from a 
knowledge of the coefficient dl/dp for the substance and for the standard, 
respectively. Should dl/dp for the substance under examination not be 
known, advantage may be taken of the fact that, in general, substances 
normally boiling at about the same temperature usually have coefficients 
dl/dp which do not differ very much. If it is suspected that this assump¬ 
tion is not valid within the accuracy desired, the measurements should be 
made at substantially normal pressure, or dl/dp for the substance under 
examination should be determined as described presently. 

Precise determination of the normal boiling temperature of a preparation 
should be made simultaneously with the determination of the degree of 
purity of the preparation. Hence further consideration will not be given 
the determination of normal boiling temperatures until measurements of 
purity have been discussed. 

6 . Degree of Purity of Liquids 

Simultaneous determination of the boiling temperature of a liquid and 
the condensation temperature of its vapor in a differential ebulliometer 
makes it possible to determine the ebulliometric degree of purity of that 
liquid. From thermodynamic considerations, these temperatures should 
be identical for a pure substance, or for certain mixtures of substances 
forming azeotropes if these substances are present in the mixture in their 
azeotropic concentrations. In practice, with the exception of water, it is 
exceedingly difficult to prepare a liquid whose boiling and condensation 
temperatures, as measured in a differential ebulliometer, are exactly the 
same. With organic liquids, the boiling temperature is very often higher 
than the condensation temperature because of the presence of small 
amounts of volatile impurities, especially moisture. 

In this regard, it should be remenbered that, although cryomelric de¬ 
terminations of purity of hydrocarbons and many other organic compounds 
are relatively insensitive to the presence of traces of moisture, ebulliometric 
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determinations of purity of such substances are particularly sensitive to 
this impurity. Unless adequately designed apparatus is employed, traces 
of moisture may be difficult to remove (see page 130). 

Determination of the purity of a liquid should be made simultaneously 
with determination of its boiling point. First of all, the ebulliometer must 
be cleaned, dried, and washed with a sample of the liquid under examina¬ 
tion. Then it is filled, the liquid brought to a boil, and adequate heating 

established. 

Another ebulliometer, containing a standard substance, is placed by the 
side of the differential apparatus, and the boiling and condensation tem¬ 
peratures of the substance under investigation are compared with the boil¬ 
ing and condensation temperatures of the standard. In this way not only 
can the liquid under examination be characterized, but the standard sub¬ 
stance itself can be examined so as to establish that no accidental impurities 

contaminate it. 

An essential part of each determination of the purity of a liquid consists 
in the removal of moisture or other volatile impurities which often contam¬ 
inate otherwise pure liquids. Some moisture may be present in the ebulliom¬ 
eter despite careful drying. 

The following procedure is recommended. After the boiling and con¬ 
densation temperatures have been compared and their difference noted, 
coolant is removed from condenser elements D and E (Fig. 16), and, of 
the total amount of 50 ml. of liquid, 2 ml. is distilled off, through the con¬ 
denser elements, and collected in a receiver connected to element E by a 
ground joint. Then a second determination of the difference in the boiling 
and condensation temperatures is made. These operations are twice re¬ 
peated in order to give four determinations of the differences: At u At*, 
At 3 , and A^. Comparison of these values gives an idea of the kinds of 
impurity present in the liquid. For instance, if A t x > Alt, and the differ¬ 
ences, At 3 and A^ are equal to or slightly smaller than A t 2 , it can be con¬ 
cluded that moisture or other volatile impurities were removed by the 
first distillation. If, however, A*,, Afc, A t z , AU are all relatively large, 
and decrease only slightly after each distillation, it is to be concluded that 
the impurities are not removable by this simple operation. When using 
auxiliary reference substances, At for the reference substance, which should 
not be more than a few thousandths of a degree, should be reported along 
with the data characterizing the substance under investigation. 

An arbitrary scale of purity, known as the Swietoslawski scale, is shown 
in table II. 

Experiments have revealed that the differences between the boiling tem¬ 
peratures of several different samples of a liquid, each of them characterized 
by the degree of purity V (see Table II), did not exceed 0.008° C. and or- 
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Table II 
Scale of Purity'’ 


Degree Difference between 

of boiling and condensation 

purity temperatures. * C. 


I. I. 00 -0.10 

II. 0.10-0.050 

III . 0.050-0.020 

IV . 0.020-0.005 

V. 0.005-0.000 


° W. Swictoslawski, Ebulliometric Measurements, Rcinhold, New York, 1945. 

dinarily were within 0.001-0.003°. ,8 - 19 In most cases, a liquid with purity 
V does not contain more than 0.005% of impurities. This value, however, 
cannot be accepted as a general rule; the difference between the boiling 
and the condensation temperatures depends to a large extent upon the 
nature of the impurities. In spite of the shortcomings of the ebulliometric 
method in this case, one should not underestimate the usefulness of ebullio¬ 
metric degree-of-purity data. Certainly, for substances that have been 
subjected to systematic purification, involving efficient fractionation with 
respect to both size and type of molecules, the difference between the boiling 
temperature and condensation temperature, as measured in a differential 
ebulliometer, will not be sensitive to the presence of close-boiling impurities. 
Measurements made before such purification may, however, indicate 
whether such purification may even be expected to improve the purity of 
the substance under consideration. As a matter of fact, unless adequate 
precautions are taken, some substances, e. y., ethylbenzene, may be more 
impure after logical “purification” than they were before. Then, too, no 
matter how logically the substance has been purified, measurement of the 
boiling temperature, which is so often assumed to be the same as the con¬ 
densation temperature for substances so purified, may be in error by thous¬ 
andths, hundredths, or even tenths of a degree, unless adequate precautions 
have been taken to remove moisture from the apparatus as well as from the 
sample. The mechanical difficulty in removing traces of moisture, es¬ 
pecially from substances forming heteroazeotropes with water, is very 
often greatly underestimated. 

Let us suppose that removal of moisture from a substance is attempted by 
taking off distillate through the stopcock located just below the upper drop 
counter of the differential ebulliometer (Fig. 19). If the substance under 
examination is a hydrocarbon forming a heteroazeotrope with water, that 

'* E. R. Smith and M. Wojciechowski, J. Research Natl. Bur. Standards, 17, 841 
(1936). M. Wojciechowski, ibid., 17, 453, 721 (1936). 

19 J. Timmermans and L. Gillo, Roczniki Chem., 18, 812 (1938) (in French). 
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azeotrope of course boils below the normal boiling temperature of the hy¬ 
drocarbon, and water will be precipitated in condenser element D. Some 
water must therefore be trapped in D and cannot be removed through the 
stopcock along with a small amount of distillate; it cannot penetrate 
downward through the vapor of the substance with which it forms a hetero¬ 
azeotrope. Water so trapped tends to accumulate in tiny droplets, one or 
more of which may eventually fall through the hot vapor zone and through 
the drop counter. If the latter is not maintained at a temperature above 
the boiling temperature of the hydrocarbon these droplets may accumulate 
on the walls of the reflux tube and thus be subjected to the possibility of 
redissolution in the reflux stream. For this reason, the condenser system, 
consisting of elements D and E , should form an essential part of all ebuilliom- 
eters or distilling heads, and, when moisture is to be removed through 
the condenser system, the upper drop counter should be heated to a tem¬ 
perature above the boiling point of the substance under examination. 

When reporting the boiling temperature of a liquid to better than tenths 
of a degree, even after systematic purification, the data can be assumed to 
have little significance unless it has been established that the liquid was of 
degree II of purity or better. This statement is particularly true when the 
“boiling point” has been reported as the result of condensation-tempera¬ 
ture measurements, and when it has not been established that water had 
been completely removed. 

In table III are shown the results obtained in relevant tests on isopropyl 
alcohol. In following the suggestion that the second difference between 


Table III- 

Determination of the Degree of Purity of Ibopropyl Alcohol 
Secondary Standard Substance: Benzene 


Liquid examined 

A Boiling and 
condensation 
temp., ° C. 

A Boiling temp, 
of liquid and 
benaene. 0 C. 

Boiling temp, 
after each 
operation, # C. 

Isopropyl alcohol 

A/, - 0.196 

AT, =2.060 

T x = 82.18 

After removal of 2 ml. 

At, - 0.195 

AT, - 2.098 

T t = 82.22 

After second removal of 2 ml. 

A/, =0.144 

AT, =2.108 

T t = 82.23 

After third removal of 2 ml. 

• 

AG = 0 083 

A7\ = 2.124 

7\ = 82.25 


- VV. Swietoslawski, J. Phys. Chem., 38, 1169 (1934). 


the boiling and the condensation temperatures be accepted for the classifi¬ 
cation of the purity of a liquid, 20 the isopropyl alcohol examined was found 
to be of degree of purity I. 

10 W. Swietoslawski and W. Romer, Bull, intern, polon. sci., Classe A, 1924, 59. W. 
Swietoslawski, Ebulliometric Measurements, Reinhold, New York, 1945, pp. 85, 87. 













132 


W. SWIETOSLAWSKI AND J. It. ANDERSON 


After careful rectification of the same isopropyl alcohol the data pre¬ 
sented in table IV were collected; the sample was then characterized by 
the degree of purity IV. The determination of the difference between the 
boiling temperature of isopropyl alcohol and benzene was made by trans¬ 
ferring the same Beckmann thermometer from one ebulliometer to the 
other. 


Table IV - 

Determination of the Purity of Rectified Isopropyl Alcohol 


A Boiling and condensation 
temp., • C. 

A Boiling temp, of 
liquid and beniene, • C. 

Boiling temp, after 
each operation. ° C. 

A*, - 0.010 

AT, a 9 168 

7*. = 82.288 

Tt = 82.289 

T, = 82.290 

T t = 82.290 

M, = 0.009 

Af, =0.009 

Af, = 0.008 

AT, - 2.169 

A Ti » 2 .170 

AT 4 = 2.170 

a W. Swietoslawski, J. Phys. Chcm. t 38, 1169 (1934). 


It is perhaps unfortunate that Swietoslawski used the term “degree of 
purity” in connection with the difference in boiling and condensation tem¬ 
peratures as determined in a differential ebulliometer. In many cases the 
greatest value of these measurements lies in their usefulness in telling the 
experimeter when his preparation is free from moisture, or in indicating 
the advisability of careful rectification. 


7. Determination of dt/dp 

It very often occurs that boiling temperatures are determined at the 
pressure which happens to prevail in the laboratory, and that these tem¬ 
peratures are corrected to the normal values. To calculate the normal 
boiling temperature of a substance from data obtained at a pressure other 
than normal, dt/dp over the desired range must be known. These data are 
rather easily determined when employing the method of comparative 
measurements. 

The experiment consists in measuring the ratio of the change in the boil¬ 
ing temperatures of the liquid and of water, both produced by the same 
change in pressure: 

(df/dp). uU t./(df/dp)-.ur = a 

The absolute value of ( dt/dp) BXlh6t . is then calculated from a knowledge of 
(df/dp) waU . r . With this method, precise measurements of pressure are not 
required. 
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8 . Molecular Weight by the Ebulliometric Method 

The easiest way of determining molecular weight by the ebulliometric 
method is to use a differential apparatus (Figs. 13 and 18). The ebulliom- 
eter depicted in figure 18, when used for molecular-weight determinations, 
should have a side arm sealed into the spherical reservoir so that the solute 
can be introduced (sec Fig. 13). The determination consists first in estab¬ 
lishing the difference between the boiling and condensation temperatures 
of the solvent. If two Beckmann thermometers are used, their readings 
should be successively compared in the same thermometer well, while a 
third thermometer is employed in the other well. Then At is determined 
by employing the thermometers which have been compared. Second, a 
pellet of solute is introduced through E (Fig. 13) and the increase in boiling 
temperature, AT, is measured. It is assumed that any correction of the 
boiling temperature of the solution, necessitated by a change in atmospheric 
pressure, is determined by observing a corresponding change in the conden¬ 
sation temperature of the solvent. 

If the atmospheric pressure changes considerably during the experiment, 
it is advisable to wait until more favorable atmospheric conditions prevail, 
since it is not at all unlikely that the correction for the change in atmos¬ 
pheric pressure may sometimes be greater than the increase in the boiling 
temperature produced by the dissolved substance. Under these conditions, 
the experimental error may be greater than permissible. 

Precise ebulliometric measurements of molecular weight require com¬ 
pensation for the “dead space” in the ebulliometer, inasmuch as there is 
some solvent in the condenser, on the walls, and in the drop counters. Thus 
the concentration of the solute in the boiling liquid is greater than in the 
solution before ebullition commenced. The most convenient way to 
eliminate a correction for this is to make a comparative measurement using 
a substance of known molecular weight. 

The molecular weight of the substance under investigation may then be 
calculated from the equation: 


M 


g,at\ 

G AT a. 


( 1 ) 


where subscript s refers to the standard substance, M is the molecular 
weight, G is the weight of solvent in grams, and AT is the (corrected) 
change in boiling temperature occasioned by the introduction of a grams 
of solute. In practice, G , is usually equal to G and the ratio a/a, may be so 
chosen in a check determination that AT,/AT is almost equal to unity. 
Calibration of the thermometers is then unnecessary provided that the 
atmospheric pressure has not changed greatly during the execution of the 
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series of measurements. In principle, the method here described is also 
that used when employing the Menzies-Wright 21 apparatus or its modifica¬ 
tion. 22 In both cases, the change in the difference between the boiling and 
condensation temperatures occasioned by the introduction of the solute is 
the focus of attention, and in both cases the so-called “elmllioscopic con¬ 
stant” has been disposed of by employing the method of comparative 
measurements. 

Molecular-weight determination may also be carried out by using two 
simple ebulliometers (Fig. 10 or 17). For this purpose, one unit should be 
equipped with a side tube, as in figure 13, for introduction of the solute. 
Solvent is placed in both ebulliometers, brought to the boil, and the boiling 
temperature of the solvent is read on both thermometers. Solute is then 
added to the contents of one ebulliometer, through the side arm, and the 
boiling temperatures are again compared. A correction of the boiling 
temperature of the solution, occasioned by any fluctuation in atmospheric 
pressure, is applied if necessary. It is determined by observing the change 
in boiling temperature of the pure solvent. The solution is then removed, 
fresh pure solvent is introduced into this ebulliometer, and a new deter¬ 
mination is made, using a standard substance as solute. The equation 
given above is applied for calculating the molecular weight of the unknown. 

In principle, this method entailing the use of two simple ebulliometers 
does not differ from the method usually employed when using two of 
Cottrell’s ebullioscopes (Fig. 6) or two sets of Washburn-Read boiling- 
point apparatus (Fig. 7). In all of these, we are simply determining the 
change in boiling temperature occasioned by the addition of solute to the 
solvent, and thermometric, barometric, and “dead space’* calculations may 
be eliminated by employing the principle of comparative measurements. 

Comparative ebulliometric measurements may be made by successively 
introducing given amounts of the reference substance and then of the 
substance under examination into the same ebulliometer. The equation 
used for calculation of the molecular weight of the unknown substance then 
becomes: 



AT, a 
AT a. 


( 2 ) 


It should be emphasized, however, that deviations from Raoult’s law are 
not infrequent. Therefore, it is rather exceptional if A T plotted agai nst molar 
concentration gives a straight line. In addition, in using the method of suc¬ 
cessive comparative measurements the thermometers should be calibrated. 


11 A. W. C. Menziea and 8. L. Wright, Jr., J. Am. Chem. Soc., 43, 2314 (1921). 
M W. E. Barr and V. J. Anhorn, Instruments, 20, 342 (1947). 
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The accuracy of the temperature readings may be increased if electrical 
resistance thermometers are employed. Use of multithermocouples like¬ 
wise increases the precision of ebulliometric measurements. 23 In molecu¬ 
lar-weight determinations, however, such high accuracy in temperature 
measurement is often scarcely justified because another source of errors, 
often more serious than the errors in temperature measurement, is opera¬ 
tive. These errors are occasioned by the fact that the vapor in the appara¬ 
tus does not have the same composition before and after the addition of 

solute. 

Uncontrolled or unknown variations in the composition of the vapor 
may be caused by: (a) traces of moisture or other volatile impurities in 
the solute, and (6) a small, but—under controlled conditions—measurable, 
volatility of the solute. The first factor tends to diminish, and the second, 
to raise, the condensation temperature of the vapor; both factors make the 
solution less concentrated than calculated from the weight of the solute 
taken. When using a differential apparatus, both factors make it appear 
as though the operating pressure had changed; corrections for this appar¬ 
ent change of pressure may introduce serious errors in the determination. 

The most convenient method for taking these variables under control is 
to use two ebulliometers—one simple and one differential (Figs. 17 and 
18)—in the molecular-weight determination. The experiment starts with 
a direct comparison of the boiling temperature of the solvent in the simple 
ebulliometer with the boiling and the condensation temperatures of the 
same solvent in the differential ebulliometer. At the same time the ther¬ 
mometers are compared, by interchange between the thermometer wells. 
Afterward, in two successive experiments, almost equimolecular solutions 
of the substance whose molecular weight is being determined and that used 
as standard, are examined in the differential apparatus. The simple 
ebulliometer is used exclusively for ascertaining the temperature correc¬ 
tions (due to pressure fluctuations) which must be applied to the boiling 
and condensation temperatures observed in the differential ebulliometer. 
Before accepting the data as adequate, the following considerations should 
be given attention. 

The relative volatility of the solute (and its impurities), as compared 
with that of the standard substance, is calculated from the equation: 

V = At'/A t' a 

where V is the relative volatility, A/' is the corrected change in condensa¬ 
tion temperature occasioned by the addition of the standard solute, and 
At' is the corrected change in condensation temperature occasioned by the 
addition of the substance under examination. Obviously At' and At' s 
u E. Plake, Z. physik. Chem., A172, 790 (1935). 
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should both be small, their signs should be the same, and their ratio should 
be equal or nearly equal to unity. If both differences are large and posi¬ 
tive, i. e. t the condensation temperature is higher after adding solute, a 
solvent with a lower boiling temperature should, if possible, be employed. 
If both differences are relatively large and positive, and there is little likeli¬ 
hood of selecting a lower boiling solvent, the ratio V should be adjusted as 
near to unity as practicable by choosing if necessary a different standard 
substance whose volatility is either greater than or smaller than the stand¬ 
ard previously employed. It should be emphasized that, when examining 
mixtures of li 3 'drocnrbons boiling above 250° C. as solutes, and employing 
acetone as solvent, increases in the condensation temperature are notice¬ 
able. In this particular case it may be found necessary to employ two 
reference substances—one slightly more, and one slightly less, volatile 
than the material whose average molecular weight is being determined. 

As stated before, noticeable volatility of the solute increases the con¬ 
densation temperature of the vapor but volatile impurities such as moisture 
in the solute may decrease the condensation temperature of the vapor. 
The two effects may cancel each other. Hence, when the condensation 
temperature is inordinately changed by either the substance under exam¬ 
ination or the standard substance, and yet both are known to have sub¬ 
stantially the same boiling temperature, it is to be suspected that moisture 
or some other volatile impurity may contaminate one of the solutes. 

Small amounts of moisture are particularly annoying with solvents (e. g., 
benzene) forming a heteroazeotrope with water. For this reason it is often 
informative to determine the relative volatility of the solutes, standard 
and unknown, when using two different solvents, one forming a homo-, 
the other a heteroazeotrope with water. It is also informative to distil 
some of the vapor through the condensers (D and E) of the differental 
ebulliometer, both before and after addition of solute, as previously de¬ 
scribed, and so to ascertain how the condensation temperature changes as a 
function of the volume of distillate collected. Volatile impurities, es¬ 
pecially water as a heteroazeotrope, are effectively removed by this simple 
distillation and the change in condensation temperature will indicate their 
removal. Obviously if volatile impurities are present after addition of the 
solutes, further purification of the solute(s) so contaminated is indicated. 

Having made all the adjustments, and having chosen an adequate sol¬ 
vent and standard solute, it may be expected that the molecular weight 
of a substance or the average molecular weight of a mixture can be com¬ 
pared with the molecular weight of a standard with an accuracy of 0.5 to 
0.05%. As far as is known, the use of a simple and a differential ebulliom- 
cter as here described is the only way of bringing all of the variables under 
control. The refinement here described may sometimes be advisable, for 
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instance, when average molecular weights are used to characterize mix¬ 
tures of substances. 

9. Vapor Pressure by the Ebulliometric Method 

Although the determination of vapor pressure is the subject of a chapter 
in this volume (see page 141), the comparative ebulliometric method will 
be discussed here. 

In the comparative ebulliometric method, successive or, for preference, 
simultaneous measurements are made of the boiling temperature of the 
substance under investigation and the boiling temperature of water, or of 
an adequately characterized secondary standard substance. The ebulliom- 
eters are joined to the same manostat by means of which the pressure 
can be varied over the desired range. Thus, the boiling temperature of 
the substance, /„ at a given pressure, and the pressure under which that 
substance is boiling, may be ascertained precisely by temperature measure¬ 
ments alone; the pressure is determined by measuring the temperature 
at which water or the secondary standard boils. 

Thus the relations, t, = f(p), or p 9 = f(f*), where p »is the vapor pressure 
of the liquid, may be established directly. Similarly, the relation, t, = 
f(/*), between the boiling temperature of the substance, t„ and that of water, 
tu, boiling under the same pressures may be found. This relation may be 
expressed as: 

t.- A + B(tJ) + C(0 2 

in which A, B, and C are constants. In addition: 

(dl/dp),/(dt/dp) w = a 

the ratio of the change in the boiling temperature of the substance and of 
water, both produced by the same change in pressure, may be established 
with a very high accuracy (see page 132). 

The apparatus consists of a simple ebulliometer filled with water (or a 
differential ebulliometer filled with an auxiliary reference substance), and 
a differential ebulliometer filled with the substance under examination. 
Both ebulliometers are connected to the same manostat. To avoid oxida¬ 
tion of the liquid and its vapors, air may be replaced by nitrogen. 

For protection of the substances in the ebulliometers against the mutual 
penetration of vapors it is advisable to provide the tubes leading to the 
manostat with stopcocks and side tubes so that, after completion of the 
experiments, the inner spaces of the ebulliometers may be separated from 
the rest of the apparatus. If condenser elements D and E (Fig. 16) are 
used-and they ought to be used-small amounts of the liquid, which may 



J38 


W. SWIKTOSLAWSKI AND J. R. ANDERSON 


contain volatile impurities, may be removed from the ebulliometers. The 
ebulliometer containing the substance under examination should be of the 
differential type so that periodical determination of the differences in boil¬ 
ing and condensation temperatures may be made. A change in this dif¬ 
ference may indicate the penetration of moisture into the differential ebul¬ 
liometer, or decomposition of the sample under investigation. Indeed, 
such measurements may be made for the purpose of determining, under 
similar but not identical experimental conditions, the thermal stability of 
an organic substance submitted to prolonged boiling 24 under various pres¬ 
sures. Should a secondary standard substance be employed, it too should 
be contained in a differential ebulliometer. 

From the description given above, it might be concluded that precise 
electrical thermometers are required for precise comparative vapor pressure 
determinations. On the contrary, it should be emphasized that if the dif¬ 
ference between the boiling temperatures of two substances is known with 
high accuracy at an approximately known pressure, this difference will 
not change appreciably if the pressure is changed by a few tenths of a milli¬ 
meter. For example, the differences in the boiling temperatures of water 
and of benzene are 20.108°, 20.029°, and 19.948° C. at 725.77, 739.35, and 
753.08 mm. Ilg, respectively. 25 This means that in this range the difference 
in the boiling temperatures is changing by only 0.000° C. per mm. There¬ 
fore, if we can establish the temperature difference to an accuracy of only 
±0.002° C. at say 740 mm., it is immaterial whether we establish the pres¬ 
sure with an accuracy of ±0.001 mm., ±0.01 mm., or ±0.1 mm. In any 
case we may subtract the temperature difference from the boiling temper¬ 
ature of water at exactly 740 mm. (99.255° O., see Table I) and obtain the 
boiling temperature of benzene, to an accuracy of ±0.002° C., at exactly 
740 mm. Thus precise vapor pressure determinations may be made with¬ 
out elaborate thermometric equipment and without precise pressure de¬ 
termination or regulation. 

Beckmann thermometers are often employed for these measurements. 
It should be remembered that the divisions of the scale do not represent 
exact differences in degrees centigrade and that calibration corrections 
must be introduced. 

IV. COMPARISON OF EBULLIOMETRIC APPARATUS 

It should be understood that all measurements which can be made with 
a simple ebulliometer (Figs. 10 and 17) can also be made with the Cottrell 

u W. Swietoslawski, Ebulliomelric Measurements, Reinhold, New York, 1945, pp. 
161-164. 

“ E. R. Smith, J. Research Natl. Bur. Standards, 26, 129 (1941). 



IV. BOILING AND CONDENSATION TEMPERATURES 


139 


ebullioscope or with the Washburn-Read modification of the Cottrell ebul- 
lioscope. Indeed, the simple ebulliometers designed by Swietoslawski may 
be considered to be modifications of the Washburn-Read apparatus; the 
Cottrell ‘ lift pump” has been retained, although it is made a part of the 
boiling flask, and a drop counter and thermometer well have been added. 

For preference, however, except when using an ebulliometric device 
simply for correcting boiling points or condensation temperatures for fluc¬ 
tuations occasioned by changes of pressure, a differential rather than a 
simple ebulliometer is to be recommended. For example, if the boiling 
temperature of an organic liquid is to be compared with the boiling temper¬ 
ature of an auxiliary reference substance, both liquids should be placed in 
differential ebulliometers so that it can be demonstrated that both sub¬ 
stances are free from moisture and other volatile impurities at the time the 
measurements are made. Then the ebulliometric characteristics (viz., the 
degree of purity) of both the sample under investigation and the reference 
substance can be reported along with the difference in the boiling points of 
the two substances. 

For molecular-weight studies, the differential apparatus of Menzies and 
Wright is equivalent, at least in principle, to the differential ebulliometer 
(Figs. 13 and 18) when the latter is used alone. Differential apparatus 
when used alone, however, can only be employed to measure the difference 
between the boiling temperature and the condensation temperature. In 
many instances, e. g., when the solute is nonvolatile and when it contains 
no moisture or other volatile impurities, it is permissible to assume that the 
change in the difference between the boiling temperature and condensation 
temperature, occasioned by the addition of solute to the solvent, is a func¬ 
tion of the concentration of the resulting solution. 

On the other hand, should the solute be somewhat volatile or should it 
contain volatile impurities, erroneous results will be obtained when only the 
change in the difference is the focus of attention. Here again it is an ad¬ 
vantage to be able to demonstrate the validity of all the assumptions which 
are made. 

In the Menzies-Wright apparatus the superheated liquid is thrown di¬ 
rectly onto the lower bulb of the differential thermometer. It is to be ex¬ 
pected that the temperature established on that bulb is higher than the 
correct value. In spite of this, precise results are apparently obtainable 
when using the Menzies-Wright apparatus or its modification. This is 
no doubt, a consequence of employing the principle of comparative meas- 
urement. 

For determinations of boiling point and vapor pressures, the apparatus 
used at the National Bureau of Standards can only be assumed to be equiva- 
lent to a simple ebulliometer if pure dry liquids are under examination 
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or when it is known that the remaining impurities are isomeric with the main 
component and have boiling temperatures exceedingly near it. Other¬ 
wise, the apparatus used at the National Bureau of Standards should be 
considered to be, in principle, equivalent to the head of the distilling column 
depicted in figure 11, where the latter device is equipped with a round- 
bottomed flask for holding the sample under investigation. 

When using a condensation-temperature device for determining “boiling 
point/’ it must be known in advance that the material under investigation 
meets the requirements set forth above, and, in addition, the apparatus 
must be so arranged that moisture may really be removed from the sample 
and from the device. Here again, the validity of all assumptions made 
ought to be demonstrable. Hence, differential ebulliometers are indicated. 

Thus it would appear that use of the differential ebulliometers of Swieto- 
slawski gives the experimenter the great advantage of detecting and taking 
under control all of the sources of error. The other devices discussed in 
this chapter may equally be employed to make very precise measurements, 
but sometimes it may not be known precisely whether all errors are ex¬ 
cluded. 
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I. INTRODUCTION 

The vapor pressure of a pure liquid or solid is the pressure of th£ vapor 
which is in equilibrium with it at a given temperature. From the phase 
rule, a system with one component and two coexisting phases has only one 
degree of freedom. The vapor pressure is therefore uniquely determined 
by the temperature for every stable chemical compound. Both the vapor 
pressure at a given temperature and its temperature coefficient are unique 
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properties of the compound, which arc required for many practical calcula¬ 
tions in physical chemistry and engineering practice, and are useful for 
identification in organic chemistry. 

This presentation describes the principal techniques for determining 
vapor pressures over a temperature range. Altogether, vapor pressure 
measurements have been made on less than 2000 organic compounds, and 
many of the older measurements are of doubtful validity. It is probable 
that the vapor pressures of less than 200 compounds have been determined 
with the accuracy usually expected of physicochemical measurements, and 
in some of these, large discrepancies exist between the observations of ap¬ 
parently reliable scientists. 

The first part of the presentation considers methods of measuring pres¬ 
sure of gases and vapors in general. The principal special methods of 
measuring vapor pressure are then taken up. These include the static, 
gas-saturation, boiling-point, and effusion methods, as well as special 
methods for very high boiling materials and for micro and semimicro 
quantities. 

Consideration is then given to schemes for interpolating and extrapolat¬ 
ing meager experimental data, including the estimation of critical constants, 
which arc often required in estimation methods. Finally the calculation 
of the heat of vaporization from vapor pressure data is discussed. This 
includes methods for estimating the important, but usually neglected, 
P-V-T correction. 

II. MEASUREMENT AND CONTROL OF PRESSURE 

1. Introduction 

The measurement of pressures is the central problem in vapor pressure 
investigations. The temperature measurement (see Chapter I) seldom 
presents any unusual difficulties. The principal methods of measuring 
pressure applicable to organic compounds from one atmosphere down to a 
fraction of a micron are considered below. The measurement of higher 
pressures, which is usually of more interest to the chemical engineer and 
the specialist in high-pressure technology than to the organic chemist, is 
not discussed in the present chapter. Since it is sometimes difficult to 
choose the proper manometer for the problem at hand, the most useful 
pressure ranges are indicated. The use of ebulliometry for the measure¬ 
ment of pressure is described at length in Chapter IV. 

2. Mercury Barometers and Manometers 

In the majority of vapor pressure measurements in the organic labora¬ 
tory, the pressure is measured with some kind of mercury manometer. 
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It is often necessary to determine the atmospheric pressure at the same time 
with an accurate barometer (see page 156). Some of the important pre¬ 
cautions and corrections are so frequently overlooked that a consideration 
of both manometry and barometry is in order. 


The more useful treatises on barometry and barometric corrections are briefly 
reviewed below. Marvin 1 presents a discussion on the theory and construc¬ 
tion of barometers from the point of view of the United States Weather Bureau. 
The circular contains much valuable practical information on the proper methods 
of handling, cleaning, and reading barometers, with a host of related topics. Many 
commercial laboratory barometers are patterned after these Weather Bureau rec¬ 
ommendations so that the material is doubly useful. The Ostwald-Luther hand¬ 
book* gives many good suggestions on methods for measuring mercury column 
heights, without the use of a cathetometer. Special consideration is given to the 
illumination of meniscuses. There is an excellent brief review of barometry and 
barometric corrections in Lange's handbook,* although the correction for capillary 
expression is not reliable (see page 151). A more critical summary is presented by 
Kimball in the International Critical Tables. 4 


A. FUNDAMENTAL CONSIDERATIONS 


The basic principle involved in pressure measurements with a mercury 
column is the balancing of the weight of the column against the weight of a 
column of air extending from the barometer to the limits of the atmosphere. 
1 he height of the mercury column is then a direct measure of the atmos¬ 
pheric pressure at that point. Meteorologists frequently correct this 
value to sea level, but in the majority of laboratory applications the primary 
interest is in the local barometric pressure, so that no such corrections to 
sea level need be made. 


If the space in the tube above the mercury column were a perfect vac¬ 
uum and if there were no nongravitational forces operating within the tube, 
then the atmospheric pressure, P at would be related to the height of the 
mercury column, h, in centimeters by: 




Mg 

A 



( 1 ) 


where F - force in dynes, A = area in square centimeters, M = mass in 

1 C. F. Marvin, Barometers and the Measurement of Atmospheric Pressure, 7th ed., 
1941. Circular F, Instrument Division, U. S. Weather Bureau. 

* Ostwald-Luther, Hand- und HUfsbuch zur Ausfuhrung physiko-chemischer Messun- 
gen. C. Drucker, editor, 5th ed., Akadem. Verlagsge ellschaft, Leipzig, 1931. 

* N. A. Lange, editor. Handbook of Chemistry. 6th ed., Handbook Pub., Sandusky. 
1946, pp. 1593-1615. 

4 H. H. Kimball, in International Critical Tables. Vol. I, McGraw-Hill. New York. 
1926, pp. 68-70. 
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grams, g = acceleration due to gravity in centimeters per second per second, 
V = volume in cubic centimeters, and d = density of mercury in grams per 

cubic centimeter. 

However actual barometers do not come up to these ideal standards 
since capillary forces are present which depress the level of the mercury 
surface and there is usually a small amount of residual gas in the space 
above the mercury column. In order to allow for these effects equation 
(1) must be modified as follows: 


P a = hdg + P, + P c 


( 2 ) 


where P 9 = pressure of residual gas and P * = difference in the pressure ex¬ 
erted by capillary forces at the upper and lower mercury surfaces. Meth¬ 
ods for making these corrections are considered later. 

Units.—All the units of pressure can be referred back to the fundamental 
definition: 760 mm. of mercury = 1 atmosphere = 1,013,250 dynes per 
square centimeter. 6 Other units are related as follows: 1 micron (n) = 0.001 
mm.; 1 microbar (barye) = 1 dyne per cm. 2 ; 1 atmosphere = 1.03322 
kg. per cm. 2 = 14.696 lb. per in. 2 . 

The length of the column depends not only on the atmospheric pressure 
but also, to a very much lesser degree, on the local value of g and on the 
density of the mercury, which, in turn, depends on the temperature. The 
following conditions for the metric system are taken to be standard 6 for 
barometric and manometric measurements and all readings should be con¬ 
verted to them: mercury temperature = 0° C. (32° F.), scale calibration 
temperature - 0° C., density of mercury at 0° C. = 13.5951 g. per cc 
acceleration due to gravity = 980.665 cm. per sec. per sec. 


It should be noted that the barometric standards for English units are the same 
except that the scale calibration temperature is 62° F. rather than 32° F. When- 
ever both the English and metric scales are drawn or permanently fastened on the 
same strip their relation to one another is so fixed that if the mount is set for the 
metric scaled read correctly at 0° C., the English scale automatically reads cor- 
rectiy at 62 F and conversely. This object is achieved for brass scales when a 
reading of 29.912 in. on the English scale corresponds to a reading of 760.000 mm. 
on the metric scale Because of this difference in standards between the two 
systems, conversion of pressures from one system to the other should be made after 
the correction for thermal expansion has been applied. 


B. EFFECT OF ELEVATION ON ATMOSPHERIC PRESSURE 

It is sometimes necessary to make allowances for a difference in eleva¬ 
tion between two barometers, or between the cistern of a barometer and 

‘ G. K. Burgess, ./. Research Nad. Bur. Standards, 1, 635 (1928). 
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somo other piece of equipment,. A useful rule for short distances is that 
each loot of increase in elevation corresponds to a decrease in the pressure 
of 0.027 mm. This correction should always he made in vapor pressure 
measurements which are dependent on the barometric pressure. A much 
more important error occurs when there is a different amount of air flow at 
the barometer and in the room where the experiment is proceeding, as is 
usually the case, since most laboratory rooms with effective hoods are 
under a considerable suction. 

o. COM PUNS ATED BAROMETERS 

Most commercial barometers have been calibrated by the manufacturer 
so that the reading, when corrected for temperature, corresponds to a 
standard barometer. This correction compensates for scale errors, imper¬ 
fect vacuum, and capillarity. The last correction, however, may vary 
considerably from point to point because of minute differences in the tube 
wall. 6 Note that if this correction has been made by the manufacturer 
no correction except for temperature should be made when reading the 
barometer. Any discrepancy between the actual linear difference in 
levels between the upper and lower mercury surfaces as observed by a 
cathetometer and as indicated on the barometer scale, may well have been 
deliberately introduced by the manufacturer’s calibration. Many of the 
high-grade barometers have an index mark engraved on a small plate fas¬ 
tened permanently to the case, the mark being exactly 30 inches above the 
point of the ivory pin in the cistern. Comparison of this mark with the 
scale will show the extent of the manufacturer’s correction. 7 


D. MEASURING COLUMN LENGTH AT BAROMETER TEMPERATURE 

This section describes the various steps necessary to obtain the correct 
length of the mercury column at the temperature of the barometer, t° C. 
Before taking any readings it is important to check that the barometer is 
exactly vertical since a deviation of 1° from the vertical will cause an error 
of +0.1 mm. in 760 mm. 

The mercury in the cistern must be adjusted until an ivory peg, the lower 
reference point of the scale, just touches the mercury surface. Since as 
much care must be taken with this setting as with reading the upper level, 
the three principal methods are described. The first, which is best and 
may be used even when the mercury surface is dirty, consists in observing 
the profile of the pin and meniscus silhouetted against an illuminated back- 

• C. F. Marvin, Barometers and the Measurement of Atmospheric Pressure, 7th ed., 
1941, p. 18. Circular F, Instrument Division, U. S. Weather Bureau. 

1 C. F. Marvin, loc. cil., pp. 4, 17. 
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ground. The mercury is raised until the light, just disappears between the 
pin and meniscus. The eye must be horizontal with the mercury surface 
in order to avoid parallax errors. When the surface is clean the second 
method can be used, in which the tip of the pin and its mirror image are 
adjusted until they just coincide. In the third method the mercury is 
raised until the tip of the pin produces a barely noticeable dimple in the 
mercury surface. 

In order to avoid parallax in reading the upper surface of the mercury, 
barometers are provided with a movable sight attached to the vernier. 
This sight consists of two vertical surfaces whose lower edges are in the 
same horizontal plane. Both surfaces arc in front of the mercury tube. 
The front surface has an inverted V notch in the center of the lower edge. 
The vernier must be adjusted so that the back edge of the sight appears 
through the notch to be in line with the front edge and both edges just 
appear to touch the top of the mercury meniscus. 

Careful studies 8 have shown that local irregularities in the glass tubing 
can produce errors of about 0.05 mm. The use of thin-walled tubing is 
suggested for the construction of standard laboratory barometers in order 
to avoid this type of error. 

The illumination of the mercury surface is provided by the manufacturer 
for most laboratory barometers, but special difficulties are involved when 
an accurate comparison with a standard barometer has to be made, and 
in any event caution should be exercised to insure proper illumination. 
Not only does improper illumination make it difficult to read the elevation 
of the crown and base of the meniscus, but their apparent position depends 
upon the method of illumination. 9 Elaborate devices have been used 10 in 
order to eliminate this source of error, but a simple background card, the 
upper half of which was blackened, has proved to be very satisfactory for 
both direct reading and reading with a cathetometer telescope. For the 
latter, a microscope illuminator is adequate for illumination of the mercury 
surface, when carefully placed. 

The correct distance, h° t , between two points measured at 1 ° C. on a scale 
which reads correctly at C., after any necessary scale corrections is dif¬ 
ferent from the scale reading, h„ because of the thermal expansion of the 
scale. I he correct distance is given by: 


- h,(l -f a(l - l,)) (3) 

where a is the coefficient of linear expansion of the scale material. 

• 7 “2 S ' j. aUPrSOn ' Trans - Fa,ada y Soc., 29, 514 (1933). 

J. A. Beattie M. Benedict, and J. Kaye, Proc. Am. Acad. Arts Sci., 74, 343 (1941) 

BiaLeuT™ Am' TTl f***“- J - M ' *, M. Bennie! and BE. 

ttiaisdell, rroc. Am. Acad. Arts Set., 74, 327 (1941). 
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E. CORRECTION OF LENGTH TO 0° C. 

The procedures above having given the correct length of the column at 
/0 C » il remains to complete the corrections and obtain the height of the 
mercury column referred to the standard conditions. It is evident from 
equation (1) that the height, hi, of the mercury column at 0° C. and the 
local value of gravity is: 

h°o = /»?/(! + 00 (4) 

where 0 is the coefficient of cubical expansion of the mercury. This rela¬ 
tion may be combined with equation (3) to give: 

hi - h,(1 + a(t - /.))/(1 + 01) (5) 

It is more convenient to use a subtractive correction to h,, which may be 
written: 

A/i, = h,(0l - a (t - *,))/( 1 + 0t) (6) 

where h% = h, — Ah,. 

The values of or, for brass, and 0 adopted by the International Meteoro¬ 
logical Tables, and widely accepted for use in barometry, are: <*bras» = 
18.4 X 10-« per degree centigrade; 0 = 181.8 X 10~* per degree centi¬ 
grade. lables are available in the standard laboratory handbooks, which 
give Ah, directly from h, for a range from 640 to 780 mm. and t for a range 
from 0° to 35° C. Outside these ranges it is often as easy to go back to 
equation (5), rather than to extrapolate the available tables, although this 
is easily done using the proportional relation: 

(A h t )„ « (AA,)76o(V760) 

Not only should the barometer be protected from temperature differences 
along its length but the thermometer which is usually mounted on the case 
should be carefully checked, and calibrated if necessary. An error of 1° C. 
in the temperature will cause a corresponding error of 0.12 mm. in the 
pressure. 


F. DENSITY OF MERCURY AND VALUE OF g 

1 here is little chance that the density of the mercury will be significantly 
different from 13.5951 g. per cc. at 0° C. since the presence of even traces 
of impurities will so befoul the mercury surface that it cannot possibly be 
used for precise barometric measurements. 

I he local value of the acceleration due to gravity, g , may be computed 
from the latitude and the elevation of the barometer using the formula: 11 

II Adapted from the relations given by C. H. Swick, in International Critical Tables. 
Vol. I, McGraw-Hill, New York, 1926, pp. 401-402. 
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= 978.039(1 + 0.005294 sin 2 <t> - 0.000007 sin 2 2 <t>) - 

0.00009400// (7) 

where <t> is the latitude and II the elevation of the barometer cistern above 
sea level (in feet). Tables showing the latitude correction for every 10 
minutes of latitude are available. 12 The measured value of g at the same 
station may be as much as 0.2 cm. per sec. per sec. different from this calcu¬ 
lated value in certain areas where there are peculiar topographical or geo¬ 
logical features. This would produce an error of about 0.16 mm. in the 
pressure. Tables of measured values of g at various stations around the 
world are also available. 12 

For example, the computed value of g for the Research Laboratories of 
the Ethyl Corporation at Detroit (latitude, 42° 27'; elevation, 665 ft.) is 
980.328 instead of 980.665 cm. per sec. per sec. Neglect of this correction 
would produce an error of —0.26 mm. in 760 mm. 

The length of the mercury column at 0° C. for local gravity may be cor¬ 
rected to the value for standard gravity by the use of the relation: 

h, - h° 0 0/980.66o 

where h, is the value of h% corrected to g = 980.665. It is more convenient 
to use the corresponding subtractive correction: 

■-«■- (4£r)«« 

The factor need only be determined once for the location of the barometer. 
For the example above: 

h, = h% — 0.0344(A$/100) 

G. RESIDUAL GAS IN BAROMETERS 

A check of several commercial laboratory barometers disclosed the pres¬ 
ence of up to 0.5 mm. of residual gas in the vacuum space above the mer¬ 
cury. As high as 4 mm. of residual gas have been reported in the litera¬ 
ture. 14 The usual magnitude of this error in a new barometer is closer to 
0.25 mm. 14 The vapor pressure of mercury is negligible at room tempera¬ 
ture (0.0012 mm. at 20° C.). 

A correction can be made for the effect of noncondensable residual gas 
by the application of the gas laws. If it is assumed that the bore of the 

11 C. H. Swick, loc. cit., p. 401. 

11 c - H. Swick, loc. cit., pp. 396-400. 

1926 p’ TO Kimba "' in Inlernaltonal Crilical Table,. Vol. I, McGraw-HiU, New York, 
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tube above the mercury is essentially uniform and the scale reading of the 
top of the closed end, h B) is known, then: 

, (t + 273) (h B - M 

' * W + 273) (h F - h t ) (9) 

where I\ and P g are the pressures of residual gas at l and t'° C., respectively. 
In actual practice it is much more convenient to use the equivalent form: 

P, = C(t + 273 )/(h K - h t ) (10) 

where C is an empirical factor in mm. per degree centigrade obtained by 
calibration against a normal or standard barometer. 

H. CAPILLARY DEPRESSION OF MERCURY 

1 he error caused by the capillary depression of mercury has not been 
treated adequately in the handbooks, and the majority of readily available 
tables are based on meager experimental evidence. The error is one of the 
most serious in accurate barometric and manometric measurements since 
it is difficult to measure or compute accurately. Its magnitude is inde¬ 
pendent of the height of the mercury column, the pressure, and, largely, 
the temperature, but is greatly affected by other factors. 

Contact Angle and Capillary Constant.—The capillary depression is a 
function of the contact angle of the mercury with the walls of the glass 
tubing. Unfortunately, this angle is inconstant since it can be varied 
at will from about 30° to 90° and is affected to a marked degree by the 
nature of the walls, the presence of moisture in the gas space, and the 
presence of traces of impurities in the mercury. These factors frequently 

give unsymmetrical meniscuses, for which the standard tables are not 
applicable. 

1 he basic mathematical analysis of the shape of the meniscus was made 
by Laplace 16 in 1812. Unfortunately, application of the derived relations 
to practical problems requires accurate values of the surface tension of 
mercury or, more conveniently, of the “capillary constant” which is usu¬ 
ally denoted by a, and defined by: 

a = (2 y/((h — di)g) l/t ( 11 ) 

where y is the surface tension in dynes per cm. and d 2 and d, are the density 
of the two fluids separated by the meniscus. The unit of a is the centi¬ 
meter. The value of a is most sensitive to all the factors affecting the 
capillary depression and especially to traces of impurities in the mercury. 

16 P. S. Laplace, Micanique CtUste (Bowditch translation). Vol. IV, 1812, p. 737. 
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Using fresh clean mercury a should be as high as 0.266 cm. at room tempera¬ 
ture but slight contamination will drop it to 0.248 or lower. 18 The best 
modern treatment is by Blaisdell 17 who presents tables for the capillary 
depression (h 0 ) in terms of tube radius (.r) and meniscus height ( y ), all in 
terms of dimensionless ratios involving a. In general the tables are useful 
for tubing 11 to 22 mm. in diameter. 


Published Tables. —The tables for capillary depression corrections published 
in the laboratory handbooks have a curious history. The basic values were 
published by Mendeleef and Gutkowski* 8 in 1876 but no experimental details 
whatever were given. The paper, which was orally presented, was said to be from 
Mendeleef’s book, On Barometric Leveling and the Reconciliation of Column Read¬ 
ings. Further information regarding these and other measurements was promised 
in a forthcoming second volume of his book, On the Elasticity of Gases. A careful 
search did not disclose either of these books and a similar failure haq been noted in 
the literature. 19 The original table gave results for tubes of 4.042, 5.462, 8.606, 
and 12.717-mm. bore. These were interpolated by Kohlrausch,* 0 giving the pres¬ 
ent standard set of values for such corrections. 91 '” Thus this entire structure 
rests on the word of Mendeleef that the work was most carefully done with a high 
degree of reliability. 

The values in the International Critical Tables* 4 are based on Suring’s* 5 revision 
and interpolation of the Delcros tables which were calculated from theoretical 
formulas derived by Schleiermacher, assuming 434.0 dynes per cm. for the surface 
tension of mercury at 20° C., which corresponds to a capillary constant of 0.2556 
cm. The results are tabulated against tube radius, for tubes ranging in diameter 
from 2 to 14 mm. 

Probably the best modern work from the experimental approach was done by 
Cawood and Patterson* 8 who paid particular attention to purity of the mercury, 
errors of rofraction, and the exclusion of moisture from the system. The presence 


»• J. A. Beattie, D. D. Jacobus, J. M. Gaines. Jr., M. Benedict, and 13. E. Blaisdell, 
Proc. Am. Acad. Arts Sci., 74, 327 (1941). 

17 B. E. Blaisdell,./. Math. Phys., 19, 217 (1010). 

18 D. I. Mendeleef and E. K. Gutkowski. J. Russ. Phys. Chan. Soc., 8, 212 (1876). 
1941 E T Ix!Vanto * Ann • Ac o<l. Sci. Fennicae, Ser. AI, No. 8, 41 pp. (in German), 

*° F. W. Kohlrausch, Lehrbuch der praktischen Physik. 1901, p. 579 

" F ' f Fow'e editor 5m,/Ionian Physical TahU,. 8tl. cd„ Smithsonian Institution, 
Washington, 1934, p. 187. 

1946 N p me"* 6 ' ediU,r ’ ,landlm,k 0} ChemMr V- 6th ed., Handbook Pub., Sandusky, 

.. ”, C - ?■ ll ° d «T, n ’ tor. Handbook of Chemistry ami Physics. 30lh ed., Chemical 
Rubber Pub. Co., Cleveland, 1946, p. 1366. 

192G,“ p H 6^70 ba "' ^ ,n,erna " 0nal CrUical Vo1 - I. McGraw-Hill, New York, 

T&’SZZ-JS*- K - 24 w* r— 

94 W. Cawood and H. S. Patterson, Trans. Faraday Soc., 29, 514 (1933). 
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of small amounts of water vapor was found greatly to reduce the capillary depres¬ 
sion. The results are summarized in a table which gives the capillary depression 
as a function of tul>c diameter (10.0, 10.5... 19.0 mm.) and meniscus height (0, 0.1 
... 1.8 mm.). The values are in good accord with, although a little higher than, 
the corresponding figures in the International Critical Tables. They are widely 
different from the handbook results based on Mendelecf’s work, being as much as 
65% higher. A few comparisons are shown in table I. 


Tabi.e I 

Comparison of Capillary Depressions by Cawood and Patterson and Mendei.ebf 


Tube 


Capillary depression, mm.. 

ut meniscus height shown 


diameter, 

mm. 

0.8 min. 

1.2 inm. 

1.0 min. 


C.P. 

M. 

C.P. 

M. 

C.P. 

M. 

10 

0.298 

0.15 

0.416 

0.25 

0.521 

0.33 

11 

0.220 

0.10 

0.319 

0.18 

0.411 

0.24 

12 

0.153 

0.07 

0.230 

0.13 

0.306 

0.18 

13 

0.112 

0.04 

0.168 

0.10 

0 224 

0.13 


New Table.—The experimental results of Cawood and Patterson can 
be reconciled with Blaisdell’s tables 27 using a properly high value of a = 
0.266 cm”' 29 Unfortunately, Cawood and Patterson observed a small but 
definite irregularity such that the values for tube diameters between 13 
and 17 mm. were somewhat too high. While this has but little effect on 
the general utility of their results, it precludes accurate extrapolation to 
smaller tube bores. For this reason a new table was computed for 11 to 20 
mm. tube diameters based on Blaisdell’s theoretical tables with a = 0.266 
cm. No irregularity was noted and it is believed that this new table is 
superior to that of Cawood and Patterson. The table was extended down 
to 2-mm. tube bore, by scaling up the values in the International Critical 
Tables by an empirical factor based on the relation between the two tables 
in the overlapping range (11 to 14 mm. diameter). The factor corresponds 
to an increase of 1.2% per mm. diameter for all meniscus heights. For 
example, the new values for tubes of 8-mm. bore were obtained by multi¬ 
plying the International Critical Tables values by 1.096. The error in 
this method of correction is believed to be much less than ±0.02 mm. or 
5%) whichever is the larger. The values are shown in table II, which is 
recommended for all capillary corrections for manometers and barometers. 
1 he mercury must be pure, clean, and dry in order for the table to be valid. 

” G. W. Thomson and F. Meyer, unpublished work , 1947. 

** J* A- Beattie, D. D. Jacobus, J. M. Gaines, Jr., M. Benedict, and B. E. Blaisdell, 
Proc. Am. Acad. Arts Set., 74, 327 (1941). 

M Note also the recent value of 0.2701 at 25° C. obtained by C. Kimball, Trans. Farar 
day Soc., 42, 526 (1946). 
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Effect of Tube Bore.—It is evident from table II that the use of small 
tubing will cause inconveniently high capillary depressions which are 
strongly dependent on the height of the meniscus. Therefore, the use 
of tubing narrower in bore than 7 mm. is not recommended for manom¬ 
eters or barometers. Even for this size an error of 0.1 mm. in reading the 
height of the meniscus will lead to about the same error in the pressure. 
Unfortunately the usual commercial laboratory barometer is constructed 
of much narrower tubing, one particular brand being about 3.7 mm. in 
bore. 


Table II 

Recommended Capillary Depression for Mercury in Glass Tubes 


Tube 

flan nuUnr 

Meniscus height, mm. 

uuiniovcr, 

rora. 

mm 

■n 

0.0 

0.8 

■n 

!E1 

mm 

msm 


2 

2.52 

4.51 






fifi 


3 

1.14 

2.13 

urn 







4 

0.63 

1.22 

1.73 

2.12 

2.47 



1 


5 

.39 

0.76 


1.41 

1.64 

1.84 




6 

.26 

.51 


0.96 

1.15 

1.30 




7 

.18 

.37 

.53 

.69 


0.94 

Hrrf 



8 

.13 

.26 

.38 

.50 

.61 

.70 

0.78 

0.84 

0.90 

9 

.10 

.20 

.29 

.38 

.45 

.52 

.59 

.64 

.69 

10 

.08 

.15 

.21 

.28 

.34 

.39 

.45 

.49 

.53 

11 

.06 


.16 

.21 

.26 

.31 

.35 

.38 

.41 

12 

.04 


.13 

.16 

.20 

.24 

.27 

.29 

.32 

13 

.03 

.07 

.10 

.13 

.16 

.18 

.21 

.23 

.25 

14 

.03 

.05 

.07 

.10 

.12 

.14 

BH 

.18 

.19 

15 

.02 

.04 

.06 

.08 

.09 

.11 



.15 

16 

.02 

.03 

.05 


.07 

.09 

iWfifl 

m’i 

.12 

17 

.01 


.04 

.05 

.06 

.07 

.08 

.08 

.09 

18 

.01 


.03 

.04 

.04 

.05 

.06 


.07 

19 

.01 

.01 

mH 

1J 

.03 

.04 

.05 


.06 

20 

.01 

.01 


ml 

.03 

.03 

.04 

U 

.04 


Note: This correction in mm. must be added to 
the observed height of the top of the meniscus. 


Capillary Depression for Barometer Cistern.—It has been suggested 
that the capillary depression due to the meniscus in the cistern of a barom¬ 
eter may be estimated by Verschaffelt’s formula: 290 

P'c = 4/y>,A/i/(D3 - D 2 y ( 12 ) 

where />, = internal diameter of barometer tube at the cistern, Z) 2 = ex¬ 
ternal diameter of barometer tube at the cistern, 0 3 = internal diameter of 
cistern, Ah = height of annular meniscus, base to crown, P e = capillary 
depression for the upper meniscus, and P' c = capillary depression for cis- 

Verschaffelt, Communs. Phys. Lab. Univ. Leiden, No. 32; Verslag. kon 
Akad. We tens. Amsterdam, 24, 175 (1886). See also reference 24. 
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tern. Because of theoretical considerations, 2 * 1 this formula is hardly better 
than a good guess. However, the magnitude of (he correction is usually 
quite small, being from 5 to 10% of the capillary depression for the upper 
meniscus for most commercial barometers. Further, this correction is 
difficult to make in actual practice since the height of the lower meniscus 
is not readily measured. Depending upon the design of the barometer and 
cistern, the error made by neglecting this correction or by applying an arbi¬ 
trary correction of 8% is usually within 0.1 mm., since large variations in 
the lower meniscus height produce negligible variations in the correction. 

I. RECOMMENDED PROCEDURE FOR MANOMETERS 

The following set of directions will help in the routine reading of mer¬ 
cury manometers which are of conventional design. 

(1) Both arms of the manometer should be vertical. Read the temper¬ 
ature on an accurate thermometer placed near the middle of the manometer. 

(2) Tap the manometer until the meniscuses are symmetrical and their 
bases horizontal. If the tube bores are equal, it is desirable for both menis¬ 
cuses to have the same height. If feasible, the meniscuses may be im¬ 
proved by pumping them up and down. Read the positions of the crowns 
of both meniscuses. The difference in height is the uncorrected pressure 
difference. 

If the tube bores are equal and the meniscuses have the same height, no 
additional observations should be made. However, if the tube bores are 
unequal, or the meniscuses are different in height, the position of the bases 
of the meniscuses should also be observed. 

Observations of the meniscuses should be made with considerable care 
in order to avoid parallax and errors caused by improper illumination. 
For accurate work a cathetometer is necessary and all the usual precau¬ 
tions for the use of this instrument must be observed. For the most accu¬ 
rate work the cathetometer is best used as a null instrument for comparing 
the mercury levels with a thermostated scale. In any event the cathetom¬ 
eter should be checked against a suitable standard scale over the entire 
length of its scale and the proper leveling techniques employed. 

(3) Apply capillary corrections to both meniscuses, unless the tube bores 
are equal and the meniscuses are of the same height. The total correc¬ 
tion is the difference between the correction for the upper meniscus and for 
the lower meniscus. 

The necessity for temperature and gravity corrections depends on the 
purpose of the measurements, but they should be applied in the measure¬ 
ment of vapor pressures and the readings corrected to the standard condi¬ 
tions for barometric measurements. If the scale or measuring device is 
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not made of brass, the appropriate correction for its thermal expansion 
must be combined with that of the mercury, using equation (5). If the 
scale or measuring device is made of brass, and was calibrated at the stand¬ 
ard temperature (0° C. for the metric, and 62° F. for the English system), 
the tables in the handbooks can be used instead of equation (5) to obtain 
the correction. If the brass scale was calibrated at some temperature 
other than the standard, the tables can still be used with an additional cor¬ 
rection to be subtracted from the observed height to correct for expansion 
of a brass scale from the standard temperature of the tables to the calibra¬ 
tion temperature of the given scale. This correction is given by equation 
(3). 

(4) Some applications require the manometer to be immersed in a bath 
which is maintained considerably above room temperature. Not only do 
the temperature corrections assume greater importance but the vapor pres¬ 
sure of mercury can no longer be neglected, for it is 0.01 mm. at 47° and 
0.10 mm. at 82°. When it is appreciable the vapor pressure of mercury 
should be added to the observed column height. Convenient tables of the 
vapor pressure of mercury are given in the laboratory handbooks. 30,31 
A comparison scale can also be placed in the bath, so that the errors in¬ 
volved in sighting through the liquid are minimized. 

3. Types of Mercury Manometers 

The simplest type of mercury manometer is the U tube, either open at 
both ends or closed at one end. Most of the precautions and directions in 
the preceding section apply to this type of manometer. It is very impor¬ 
tant that the bore be of adequate width to minimize capillarity errors. At 
least 15-mm. diameter is suggested for accurate work, or at least 10 mm. if 
the manometer is somewhat long. 

The principal types of special mercury manometers and other gages for 
measuring low pressures are now considered, after a short discussion of the 
purification of mercury. 

A. PURIFICATION OF MERCURY 

The success of manometry depends on the use of pure mercury, and de¬ 
tailed instructions for purifying and cleaning mercury are given in the 
majority of the laboratory handbooks 32 " 36 (see also p. 257 and Part II). 

« N. A. Lange, editor, Handbook of Chemistry. 6th ed., Handbook Pub., Sanduskv 
1946, p. 1440. 

81 C. D. Hodgman, editor, Handbook of Chemistry and Physics. 30th ed., Chemical 
Rubber Pub. Co., Cleveland, 1946, p. 1832. 

3 * C. D. Hodgman, toe. cit., p. 2530. 
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If the mercury is very dirty and contaminated by floor sweepings, dust, 
etc. the usual methods are not too useful. Easly 37 has suggested that the 
mercury, in 250-ml. lots, he placed in a strong 500-ml., glass-stoppered 
wide-mouthed bottle with 25 to 50 grams of mercurous nit rate and 10 ml. 
of water. After shaking for about five minutes the mercury is poured into 
a dish and washed under the faucet. The mercury is then dried by filtra¬ 
tion through several folds of towelling, or through a pinhole in a cone of 
filter paper. 

If there is occasion to purify much mercury a permanently set. up mer¬ 
cury still 38 * 39 will provide an excellent supply of pure mercury with very little 
attention. Such stills are available commercially. 

B. CONVENTIONAL MERCURY MANOMETERS 

The open-end U-tube mercury manometer consists of a fairly wide bore 
tube which is not sealed at either end. Sometimes a constriction is placed 
near the bend in order to dampen large pressure fluctuations and prevent 
loss of mercury during an unusual surge of pressure. The open-end manom¬ 
eter is frequently used for measuring pressures near atmospheric; one 
side is left open to the atmosphere, and the other is connected to the sys¬ 
tem. The pressure in the system is then the algebraic sum of the atmos¬ 
pheric pressure, as read on a barometer nearby, and the manometer reading. 
In accurate work the correction for the position of the barometer must not 
be ignored (see page 145). Open-end manometers are also of value when 
low pressures must be measured, but in this case the leg which is not con¬ 
nected to the system is connected to a high-vacuum line. The manometer 
then reads the pressure in the system. For most routine measurements at 
moderately low pressures the closed-end manometer is more convenient. 

The closed-end U-tube manometer is a standard piece of equipment 
which can be purchased from laboratory supply houses. It is the most 
commonly used instrument for measuring pressures from about 300 mm. 
down to about 5 mm. Below this pressure the readings are not as accu¬ 
rate, although with special designs pressures as low as 0.010 mm. (10 mi¬ 
crons) can be measured with an accuracy of 3 microns. 

M N - A - Lange, editor, Handbook of Chemistry. 6th ed., Handbook Pub., Sandusky, 
1946, p. 1681. 

u J. Reilly and \V. N. Rae, Physico-chemical Methods. 3rd cd., Van Nostrand, New 
York, 1939, pp. 283-285. 

“ See also ibid., bibliography on pp. 676-677. 

u J. Strong and Collaborators, Procedures in Experimental Physics. 1st ed., Prentice- 
Hall, New York, 1938, pp. 540-541. 

37 H. F. Easly, Ind. Eng. Chem., Anal. Ed., 9, 82 (1937). 

38 K. C. D. Hickman, J. Optical Soc. Am., 18, 62 (1929). 

38 K. C. D. Hickman, Chemistry & Industry, 48, 366 (1929) 
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It is almost impossible to seal off one leg of the manometer so as to en¬ 
close a perfect vacuum. Usually the tube is boiled out with mercury until 
all air is expelled. The usual test for a .good vacuum is the sharpness of 
the “click" when the mercury runs back and strikes the closed end of the 
tube. Even a manometer which gives a satisfactory click when filled may 
have a minute bubble of air in the vacuum leg after a few days, but for reas¬ 
onably high pressures this can usually be ignored. In any event the manom¬ 
eter should be checked by making a careful reading of the levels of the 
mercury when the system side is connected to a high vacuum. 

As already emphasized, it is most important that the mercury be clean, 
dry, and pure. For this reason many workers distill the mercury directly 
into the manometer. Burton’s 40 method for filling sloping manometers is 
also very convenient for the vertical models. 

There have been many designs and adaptations of the closed-end manom¬ 
eter. Many of these facilitate readings below 5 mm. In Rayleigh’s 41 - 42 



I-'ig. 1.—Rayleigh’s manometer: 
the tilting mechanism connected to 
the lever L is not shown. P, P arc 
the pointers and M the mirror of the 
optical lever. 


manometer (Fig. 1) two pointers, P, are placed above the mercury levels 
in the legs, which are made of wide glass bulbs in order to obviate capillarity 
errors. The apparatus is rotated so that, when both sides are connected 
to a good vacuum, the pointers just touch the surfaces of the mercury. 
When the gage is used to measure pressure one side is maintained at a high 
vacuum and the other is connected to the system. The gage is then ro- 

* M. Burton, Ind. Eng. Chem., Anal. Ed., 9, 335 (1937). 

41 Lord Rayleigh, Trans. Roy. Soc. London, A196, 205 (1901). 

New' 3rd ed - Vo1 ' Van 
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tated until the pointers again just touch the mercury levels. The motion is 
magnified by means of an optical lever using a mirror, M , attached to the 
pointers. A serious disadvantage to all such optical lever manometers is 
their high sensitivity to vibration. 4 * 

Mundel’s 44 manometer also has wide bulbs in the manometric legs and 
maintains a high vacuum on one side, but his method of measuring the 
height is different. The pointers are connected to micrometer screws, and 
the contact between the mercury and the pointers is observed through a 
microscope. The difference in mercury levels is determined from the dif¬ 
ference in the readings on the micrometer sleeves. This method avoids the 
inconvenient rotation required with Rayleigh's apparatus. 

An interesting modification of the closed-end manometer was used 46 
for accurate vapor pressure measurements of 52 purified hydrocarbons. 
Twenty tungsten contacts were sealed into the manometer tube at suitable 
intervals corresponding to a range of 48 to 779 mm. absolute pressure. The 
sharply pointed contacts were cleaned in place by electrolysis of sodium hy¬ 
droxide. The manometer tube was then washed with water and dried, 
evacuated and baked at 150° C. for 4 hours. The mercury was distilled 
into the tube which was placed in an air thermostat constant to 0.02° C. 
The pressures were manostatically controlled at the fixed points. Their 
actual magnitudes were determined from the boiling points of water at 
these pressures. This type of equipment is particularly valuable when a 
large number of accurate measurements must be made on a routine basis 
(see page 180). 

C. ZIMMERLI GAGE 

The Zimmerli 46 47 gage obviates many of the usual difficulties with closed- 
end manometers. The principal feature is the use of three wide-bore arms 
as shown in figure 2. A and B are the limbs of the U tube, each with a 
diameter at least 16 mm. Tube A, the indicating limb, is connected to 
the vacuum line as usual. Tube B, the reference limb, instead of being 
sealed at the top, is connected to a capillary, C, which is joined to a wide 
tube, D, at the bottom. D is also connected to the vacuum line. This 
connection of both the indicating and the reference limbs to the same vac¬ 
uum line forms the fundamental difference between this gage and the usual 
closed-end manometer. Zimmerli describes the filling operation as follows. 

4 * W. S. Young and R. C. Taylor, Anal. Chem., 19, 133 (1947). 

41 C. F. Miindel, Z. physik. Chem., 85, 435 (1913). 

44 C. B. Willingham, W. J. Taylor, J. M. Pignocco, and F. D. Rossini, J. Research 
Natl. Bur. Standards, 35, 219 (1945). 

46 A. Zimmerli, U. S. Pat. 2,075,326, March 30, 1937. 

47 A. Zimmerli, Ind. Eng. Chem., Anal. Ed., 10, 283 (1938). 
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To get the gage ready for operation, mercury is poured through the side tube 
until A and B are about two thirds full. It is then connected to a good vacuum 
pump and exhausted. By inclining it backward almost to a horizontal position 
and by tapping the glass sharply, the air adhering to the glass walls is brought to the 
surface of the reference, ns well as of the indicating, column and removed by the 
pump. When no more air bubbles are visible under the high vacuum, the gage is 
tilted to the left until mercury flows over the top of B through C into D, thus re¬ 
moving the last traces of air from B and forming a seal which prevents air from 
getting into B again. When the mercury level in A approaches the bottom the 
gage is returned to the vertical position and the vacuum is released. The mercury 
will rise in C and B until the two columns flow together at the top of the bend, filling 
B and C completely. The levels in A and D should be about 20 mm. above the 
bottom, so as to form an effective seal. 

The gage is now ready for use and may be connected to the apparatus in 
which the pressure is to be measured. As soon as the pressure is reduced 



Fig. 2.—Zimmerli gage. 4; 



to a value corresponding to the difference in heights of the mercury col¬ 
umns m A and B the mercury will separate at the top of the bend, between 
B and G, and as the pressure diminishes each part will recede in B and C 
until the levels become constant. The difference in height of the mercury 
levels in A and B indicates the absolute pressure. 

Although Zimmerli considers that this technique avoids the necessity 



G. W. THOMSON 


100 

of boiling out the mercury, such boiling out, and flaming the surfaces to 
dispel adsorbed air, can be advantageously added to the above procedure. 

The wide bore of tubes A and B not only greatly increases the visibility 
even when the surface is a little dirty, but also entirely eliminates the eor- 
rcctions for capillary depression (compare table I). 

Should a little air get into the gage, it will collect at the top of the bend 
in C. It is easily shown 47 that the presence of a small bubble will have a 
negligible effect on the reading, but if it is desired to drive the air completely 
out of C, Zimmerli recommends the following procedure: 

The gage is tilted to the right until the mercury level in D approaches the bottom 
and is connected with the vacuum line while in this position. When the gage is 
evacuated, it is tilted to the left until the mercury flows over the top bend of C, 
pushing the air out into D. When the level in A approaches the bottom, the gage is 
put back in its vertical position. 

A Zimmerli gage with arrangements for reading to 0.1 mm. is available 
from several laboratory supply houses. 


D. MULTIPLYING MANOMETERS 

There are several methods whereby the reading of a manometer can be 
multiplied in order to extend the pressure range and increase the accuracy. 
These include the Dubrovin gage, sloping manometers and two-liquid 
systems, which are described below, and oil manometers and McLeod 
gages, which are described in the following sections. 

The Dubrovin gage, schematically illustrated in figure 3, is a special 
type of mercury manometer which magnifies the effect of the pressure by 
as much as 25 times . 48 - 49 The principle is similar to that of the floating 
tube barometer. 80 An inverted cylindrical tube, closed at the upper end, 
floats freely on the mercury. The lateral motion is constrained by three 
point guides lightly touching the inside walls of the container. The gage 
is placed on its side and a high vacuum is applied until all air and adsorbed 
gases are removed. It is then set up on end, and atmospheric pressure is 
slowly restored. On progressively reducing the pressure the following 
occurs: ( 1 ) the tube floats and the inside is entirely filled with mercury; 
( 2 ) the tube remains stationary until the external pressure is equal to the 
height of the mercury column inside the tube above the outside level; and 
(S) the mercury column drops while the tube itself rises. 49 This condition 
is shown in figure 3. 

« J. Dubrovin, Instruments. 6, 194 (1933). 

49 F. E. E. Germann and K. A. Gagos, Ind. Eng. Chem., Anal. Ed., 15, 285 (1943). 

60 Caswell, Phil. Trans. Roy. Soc. London, 24, No. 290, 1597 (1704). 
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The theory has been presented in detail by Germann and Gagos 49 who 
derive the following equation for the magnification factor: 

-dH/dN = D\/(D\ - D\) (13) 

where Z)i and D 2 are the internal and external diameters of the tube. The 
absolute value of N depends on the pressure, P, in the outer tube, and on 
capillary forces. The absolute value of // depends on the densities of the 
tube and the liquid, the pressure, P, and surface forces. It is evident that 
the ratio of the absolute value of H to N is meaningless. On the other 
hand, a decrease in the pressure, P, of 1 mm. of mercury is accompanied 
by a decrease in N of 1 mm. if the confining liquid is mercury. If simul¬ 
taneously the tube rises 10 mm., then H has increased by 10 mm. and the 
change of H with respect to N is 10, which is then the true magnification of 
the gage. The apparent density of the tube may be changed either by 
making the lower submerged part of the tube itself of a double-walled 
sealed cylinder or by attaching a separate glass float at its base. The 
lower range of the instrument using mercury as the liquid is about 0.01 mm. 
of mercury. This may be extended to 0.000G mm. (0.6 micron) by the 
use of a nonvolatile oil such as Apiezon-B 49 or one of the new silicones such 
as DC 702. 61 This latter material is about 7% more dense than water, 
but has a very high boiling point, 400° C., and about the same viscosity as 
a light machine oil, 30 cp. at 25° C. In addition, it is extremely stable to 
oxidation and can be degassed by boiling at close to atmospheric pressure. 

The Dubrovin gage is available from several laboratory supply houses. 
One model has a magnification factor of 9 and covers the range from 0 to 20 
mm. This type of manometer should be checked against the more usual 
type of closed-end mercury manometer at the higher pressures and against 
a McLeod gage at the lower pressures. 

The use of a sloping mercury manometer, similar to a draft gage, is 
superior to the Dubrovin gage when low pressures of the order of 1 mm. 
are subject to some variation. Burton” shows a convenient design, which 
has been used with a magnification of 25 to 1, and describes the method of 
filling in some detail. This particular model has an ingenious trap, illus¬ 
trated in figure 4, which obviates difficulties caused by pulling over bubbles 
into the closed leg, when gases are suddenly introduced into the sloping 
manometer. Any bubbles pulled over collect just below the inner seal 
and have no effect on the pressure reading. 

Roberts 53 has described a very sensitive compensated micromanometer 

M C"™* Silicone Notebook Fluid Series .Vo. July, 1946, Dow Corning 

Corp., Midland, Mich., through the courtesy of D. M. Francisco. 

42 M. Burton, Ind. Eng. Chem., Anal. Ed., 9, 335 (1937). 

62 B. J. P. Roberts, Proc. Roy. Soc. London, A78, 410 (1900). 
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consisting of two wide-borc limbs of slightly different diameter, A and Ii, 
of a U tube, connected by a horizontal capillary containing an index bubble 
of air. Any slight pressure difference between A and Ii will cause an ap¬ 
preciable motion of the bubble. If the length of the bubble is approxi¬ 
mately equal to the distance between the axes of A and Ii the gage is almost 
independent of small changes of position or level. 

Differential gages using two liquids of different density have usually 
limited utility in the measurement of vapor pressures principally because 
of the solubility of the substance being measured in the liquids. An im¬ 
portant exception is the recent vacuum micromanometer of Young and 



Taylor, 54 which has a multiplying factor of 1000, and an accuracy of about 
1%. The particular instrument illustrated by the inventors covered the 
range from 1 to 100 microns. 

The principle of the manometer is essentially similar to that of the Roberts 
capillary bubble method given above. The chief difficulty with the 
latter method is the high viscosity and surface tension of the mercury which 
makes the instrument somewhat sluggish. In the new modification a 
second liquid, such as n-pentane, is used in the capillary and is sealed from 
the system by two barometric legs of mercury. This has the advantage of 
substituting for the mercury in the capillary a liquid of low viscosity and 
surface tension. The designers show that the sensitivity, or multiplying 
factor, of the gage is closely approximated by: 


C = Dl/2D\ 



(14) 


where d P is the density of the n-pentane, or of some other liquid fulfilling a 
similar function, d u the density of the mercury at the same temperature, 
D\ the diameter of the capillary containing the reference bubble, and Z) 2 
the diameter of the mercury reservoir connected to the barometric leg on 

54 W. S. Young and R. C. Taylor, Anal. Chem., 19, 133 (1947). 
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the system side. The value of C in their instrument (/> 2 = 81 mm., Di = 
1.26 mm.) was 1056. A check value of 1015 was obtained with 40 readings 
on a McLeod gage. This was considered to be satisfactory in view of the 
uncertainties in measuring the diameters of the capillary and reservoir and 
in determining the constant of the McLeod gage. 

Details of the design and instructions for construct ion and operation are 
given at length in the original article to which the reader is referred for de¬ 
tails. In an application to molecular-weight de¬ 
terminations on volatile liquids the authors 55 re¬ 
quired only 3 to 4 minutes per determination using 

•the manometer. 

E. MCLEOD GAGE 

The McLeod gage 5 * is the standard instrument for 
measuring pressures of noncondensable gases at low 
pressures. Its most useful range is from 10 mm. 
down to almost as low as 0.01 micron. The gage is 
based on the assumption that Boyle’s law holds at 
these pressures. A measured volume of the gas, V, 
at the pressure of the system is compressed to a 
smaller volume, v, at a pressure which can be meas¬ 
ured directly. The ratio of the volumes, V/v, de¬ 
termines the sensitivity of the gage. 

A typical McLeod gage is shown in figure 5. The 
part below C may take a variety of forms depending 
on the method used for handling the mercury. The 
gage is connected to the system at 5. In operation 
mercury from reservoir R is forced upward into the 
gage by opening the three-way stopcock to the atmos¬ 
phere. As the mercury rises it traps at C the 
volume, V, of gas which fills bulb D and capillary E. 

The usual practice is to permit the mercury to rise Fig. 5.—McLeod gage, 
until it reaches, in capillary F which is identical in 
bore with E, a position A opposite the top of E. The mercury in E lias 
then reached a point such as B and the gas is compressed to the small 
volume v. The pressure of the compressed gas is then equal to the small 



“ W - Youn 8 and R. C. Taylor, Anal. Chem., 19, 135 (1947) 

"f 6 * 1 f V“ mp ' e ' J ' ^ and W - N- Rae, Physicochemical Methods, 3rd ed., 
; , pl Y0 ^‘ 939 ' p - 575 ‘ R Dani ^, J - «. Mathews, and J. YV 

n u’r PhySlCal 3rd ed., McGraw-Hill, New York 1941 

Ostwadinther Hand- and Htlfsbuch zur Aasfuhrung physikochemischer Messangen 
C. Dracker, editor, 5th ed., Akadem. Verlagsgesellschaft, Leipzig, 1931, p. 2)5. 
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unknown pressure plus the pressure of the mercury column between A 
and B. If l is the length of the mercury column (the reading) and the 
system pressure, P, is negligible compared with l then, from Boyle’s law: 

P = (v/V)l 

For a capillary of constant cross section, v = Al where A is the volume per 
unit length, and: 

P = (A/V)P 

so that the pressure in the system is proportional to the square of the read¬ 
ing. The ratio A/V must be determined by careful measurements of the 
capillary and total volume. After the reading has been taken, T is 
opened to the vacuum line V and the mercury is permitted to drop below C. 

Commercial McLeod gages are usually already calibrated. They are 
available in a variety of modifications, but only differ in minor details 
from the type described above. For a description of some of the improve¬ 
ments which have been suggested see the papers by Booth, 57 Gaede, 58 
Flosdorf, 69 Hickman, 60 Pfund, 61 and Rosenberg. 6,a 

McLeod gages not only give erratic results when condensable gases are 
present but also when ammonia, carbon dioxide, traces of water vapor, and 
other similar materials which do not follow Boyle’s law, are in the system. 
For this reason the gage is frequently protected by a liquid air trap. 

The McLeod gage cannot be used directly for vapor pressure measure¬ 
ments although a special method, in which the vapors do not enter the 
gage, has proved successful and is described below (page 190). 

4. Oil Manometers 

At first glance the advantage to be secured at low pressures by substitut¬ 
ing for mercury a liquid of less than one thirteenth the density would seem 
very great. Unfortunately the gain in accuracy is by no means 13-fold. 
Some of the inherent errors in closed-end “oil” manometers are discussed 
by Hickman. 62 These include faulty vacuum in the closed limb caused by 

67 H. S. Booth, Ind. Eng. Chem., Anal. Ed., 4, 380 (1932). 

M W. Gaede, Ann. Physik, 41, 289 (1913). 

69 E. W. Flosdorf, Ind. Eng. Chem., Anal. Ed., 10, 534 (1938). 

60 K. C. D. Hickman, J. Optical Soc. Am., 18, 305 (1929). 

61 A. H. Pfund, Phys. Rev., 18, 78 (1921). 

fll * P. Rosenberg, Rev. Set. Instruments, 10,131 (1939). Dr. B. B. Dayton has pointed 
out in a paper submitted to Le Vide that the grinding of the capillary suggested by Rosen¬ 
berg may cause a large systematic error in the McLeod gage reading. 

69 K. C. D. Hickman, Rev. Sci. Instruments, 5, 161 (1934). 
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dissolved air (—0.01 mm.), products of cracking during the boiling-out 
process (—0.01 mm.), or volatiles carried around from the working limb 
(—0.05 mm.), and differences in specific gravity of the liquid in the two 
limbs caused by a difference in either the temperature (±0.02 mm.) or the 
composition (±0.01 mm.) of the liquid in the limbs. The errors ordinarily 
encountered by Hickman are shown in brackets and can 
total —0.04 to —0.10 mm. of mercury. Another diffi¬ 
culty with oil manometers has been reported. 63 When 
using butyl phthalate the fluid was found to stick in the 
closed arm and could only be dislodged with difficulty. 

For accurate work in this pressure range some device more 
complicated than the simple U-tube closed-end manometer 
is needed. 

Using butyl phthalate Hickman devised a somewhat 
complicated setup 64 in which a good reference vacuum was 
maintained by a small condensation pump. This was 
accurate but gave enough trouble in operation that a 
number of further models were tried. The best out of 
15 was described in 1934 62 and has proved useful for ac¬ 
curate measurements down to a few microns. 640 The very 
much simpler apparatus of Malmberg and Nicholas, 65 
shown in figure 6, can be easily boiled out under vacuum by 
simply inverting it. After boiling out it is stood right F, «- 
side up and is ready for use. The ebullition tube E serves 0 , C a r g K manom- 
to prevent bumping and promotes smoother boiling. It etcr. 
may well be omitted. The degassing should be done at 
a low enough temperature to avoid decomposition of the liquid, although 
no difficulties from this source have been noted with butyl phthalate. 

Saylor and coworkers 66 - 67 found that a Hickman oil manometer was of 
value in their studies on the vapor pressures of a large number of com¬ 
pounds, between 0° and 80° C., by the method of Ramsay and Young (see 
page 176). 

M K - c - D - Hickman and W. Weyerts, J. Am. Chem. Soc., 52, 4714 (1930). 

44 K. C. D. Hickman, Phys. Chem., 34, 627 (1930). 

4<a Dr. Hickman notes in a private communication that his laboratory now uses a 
separate mechanical oil pump with or without a small diffusion pump to produce the 
reference vacuum. The use of a short U-tube oil manometer with the limbs not more 
than an inch long will measure down to a few microns without suffering from the draw¬ 
backs mentioned above. 

“ C * G* Malmberg and W. W. Nicholas, Rev. Sci. Instruments, 3, 4*10 (1932). 

“ J. M. Stuckey and J. H. Saylor, /. Am. Chem. Soc., 62, 2922 (1940). 

• 7 F. H. Field and J. H. Saylor, J. Am. Chem. Soc., 68, 2649 (1946). 
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5. Bourdon Gages 

The familiar Bourdon gage is frequently employed for measuring the 
pressure in vapor pressure studies at temperatures above the normal boil¬ 
ing point. The gage eonsists of a bent and flattened tube which tends to 
straighten when exposed to internal pressure. Little comment is required 
except that all such high-pressure gages should be calibrated, either against 
a mercury column or an absolute dead-weight tester. The same Bourdon 
tube principle becomes of value when very low pressures are concerned. 
Numerous types have been constructed varying from a simple spoon¬ 
shaped glass device with a pointer attached to the end, to the Bodenstein 
quartz spiral manometer 68-74 which has been widely employed in the field of 
chemical kinetics. Unfortunately the difficulty of constructing the quartz 
spiral has precluded more general use of this instrument. Detailed in¬ 
structions of Kistiakowsky’s method are available 75 ; this is said to be the 
best technique in use today. With proper design Bourdon gages can be 
used as direct-reading manometers. Calibration is simply accomplished 
with a McLeod gage or mercury manometer, depending on the range, in 
conjunction with a suitable dry gas. 

Typical vapor pressure researches using low-pressure Bourdon gages were 
carried out on tetraethyllead over the ranges 0° to 67° C. and 0.05 to 6.3 
mm., 78 on several metal alkyls, 77 and on tetrasilane from 0° to 96°. 78 In 
most cases the bulb containing the material is sealed directly to the gage. 
The scheme is thus a modification of the static method (see page 172) and 
all the usual precautions must be taken to exclude water, air, and other ad¬ 
sorbed gases. If there is a slight amount of decomposition a vacuum line 
can be connected through a mercury seal and the connection opened 
momentarily before readings are taken. 77 

These methods can be used for the accurate measurement of very low 
vapor pressures if the Bourdon gage is used as a null instrument by enclosing 
the gage in a suitable jacket, and the pressure of the noncondensable gas 
on the outside of the gage is measured by a McLeod, Pirani, or ionization 

u E. Ladenburg and E. Lehman, Ber. physik. Ges., 8, 20 (1906). 

•• F. M. G. Johnson, Z. physik. Chem., 61, 457 (1908). 

70 M. Bodenstein and M. Katayama, Z. physik. Chem., 69, 26 (1909). 

71 C. G. Jackson, J. Chem. Soc., 99, 1066 (1911). 

71 G. E. Gibson, Proc. Roy. Soc. Edinburgh, 33, 1 (1912). 

79 M. Bodenstein and W. Dux, Z. physik. Chem., 85, 297 (1913); Z. Elektrochem., 19, 
836 (1913). 

74 F. Daniels, J. Am. Chem. Soc., 50, 1115 (1928). 

74 W. E. Vaughan, Rev. Sci. Instruments, 18, 192 (1947). 

79 E. J. Buckler and R. G. W. Norrish, J. Chem. Soc., 1936, 1567. 

77 C. H. Bamford, D. L. Levi, and D. M. Newitt, J. Chem. Soc., 1946, 468. 

79 H. J. Emel6ua and A. G. Maddock, J. Chem. Soc., 1946, 1131. 
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gage. In careful work the Bourdon gage is frequently immersed in an air- 
bath thermostat. 76 ' 77 

Care must be taken that the pressure range of the gage is not exceeded. 
Breakage may result in a glass gage or there may be a permanent change 
even in a metal gage if the material is strained beyond its elastic limit. 

A highly sensitive differential manometer which is sensitive to 1 m has 
recently been developed at the National Bureau of Standards. 780 It is 
based on the aneroid principle. The deformation of the diaphragm is 
measured by a wire-resistance displacement gage. The elements can 
withstand a differential pressure of from 0.2 to 1.0 atm. 

6. Vacuum Gages 

In addition to the devices described above there are a number of instru¬ 
ments which have been developed especially for measuring low pressures. 
These find their principal use in high-vacuum technology. An excellent 
review of these low-pressure manometers, which has just appeared, 79 is 
recommended for its concise descriptions and its critical remarks by an ex¬ 
pert in the field. The wide use of these gages for high-vacuum measure¬ 
ments in atomic physics has led to numerous new improvements which 
have been incorporated into the commercial models. 

Although the direct use of most of these instruments for vapor pressure 
measurement is precluded by the dependence of their calibration upon the 
nature of the gas being measured, they can often be used in conjunction 
with null manometers such as the jacketed Bourdon gage (see above) 
or a sensitive two-liquid manometer. 

Ionization Gages.—Ionization gages, either with a hot cathode, a cold 
cathode, or the newer alpha particle source, must be calibrated with the 
gas under test. The useful pressure range 79 is about 0.00001 to 10 n for 
the hot cathode type, 0.01 to 50 m for the cold cathode “Phillips ionization 
manometer” 80 and 1 /i to 1 atmosphere for the “Alphatron.” 81 The ioniza¬ 
tion gage is essentially a three-electrode vacuum tube connected to the 
system, but many different designs have been developed in order to obviate 
the peculiar difficulties involved. When used in conjunction with a null 
instrument for vapor pressure studies most of these difficulties vanish since 

780 Developed by II. Matheson and M. Eden. Announced in Tech. News Bull. Natl. 
Bur. Standards, 32, 132 (19-18); Chem. Eng. News, 26, 3580 (1948). 

19 S. Dushman, Instruments, 20, 235 (19-17). A more extended discussion is presented 
in The Scientific Foundations of High Vacuum Technique, by Dushman, Wilev New York 
1949, Chapter VI. 

80 F. M. Penning, Physica, 4, 71 (1937). 

81 G. L. Mellen, Electronics, 19, No. 4, 142 (April 1946). J. R. Downing and G. L 
Mellen, Rev. Sci. Instruments, 17, 218 (1946). 
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a suitably inert gas can be used which will not poison the cathode. The 
auxiliary electrical equipment must be carefully designed. The use of 
these gages for pressures below 0.1 m requires very careful manipulation. 
In addition to other fairly well-defined disadvantages, there is a “clean-up” 
effect, in which the pressure indication gradually decreases. This effect can 
be obviated by correct design of the electronic circuit. For further infor¬ 
mation the reader is referred to Dushman’s review 82 and the papers of 
Morse and Bowie, 83 Fogel, 84 Dushman and Young, 86 and Dayton, 86 " and, 
for a discussion of the control circuits, to a paper by Van Valkenberg. 88 
Several excellent designs of ionization gages are available commercially. 

Langmuir Gage.—The vibrating quartz fiber vacuum gage was de¬ 
vised by Langmuir. 87 In its simplest form a thin quartz ribbon is set 
vibrating in a vacuum. The damping is directly related to the pressure, 
for pressures below a few millimeters, by the equation: 

Py/Tl = (a/0 - b (15) 

where M is the molecular weight of the residual gas, P the pressure, t the 
time for the amplitude to decrease to half value, and a and b are constants 
characteristic of the fiber. The values of a and b are readily obtained by 
calibration with a McLeod gage. The useful range of the gage is from 0.1 
to 100 /*. This type of gage has been applied to the measurement of vapor 
pressures by Haber and Kirschbaum. 88 The absence of metal parts and 
its small volume are unique advantages. 

Unfortunately it is sometimes difficult to get the fiber vibrating in only 
one plane. For this reason bifilar forms have been devised and the use of 
a quartz surface supported by two quartz fibers has been suggested. 89 
Equation (15) is valid for a number of gases, for the quartz membrane gage 
as well as the simple fiber. Later studies 90 ' 91 confirmed the latter result 
and suggested that it should be possible to design a quartz membrane 
manometer capable of measuring pressures as low as 0.000001 n . 92 

82 S. Dushman, Instruments, 20, 235 (1947). 

88 R. S. Morse and R. M. Bowie, Rev. Sci. Instruments, 11, 91 (1940). 

84 C. M. Fogel, Proc. Inst. Radio Engrs., 34, 302 (1946). 

88 S. Dushman and A. H. Young, Phys. Rev., 68, 278 (1945). 

8,0 Recent advances in the caU brat ion and sensitivity of ionization gages are de¬ 
scribed in a paper by B. B. Dayton, which will appear in Le Vide. 

88 H. E. Van Valkenberg, Gen. Elec. Rev., 49, 38 (1946). 

87 1. Langmuir, J. Am. Chem. Soc., 35, 105 (1913). 

88 F. Haber and F. Kirschbaum, Z. Elektrochem., 20, 296 (1914). 

89 E. Brtiche, Ann. Physik, 79, 695 (1926). 

90 G. Wetterer, Z. tech. Physik, 20, 281 (1939). 

91 G. Wetterer, Wiss. Veroffentl. Siemens-Werken, 19, 68 (1940). 

92 S. Dushman, Instruments, 20, 235 (1947). 
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Pirani Gage.—The Pirani gage 93 - 94 consists of a heated filament of a 
metal with a high coefficient of electrical resistance. The temperature, 
and therefore resistance, of the fiament depends on the thermal conduc¬ 
tivity of the residual gas, which at low pressures is linearly dependent 
on the pressure. The gage must be calibrated for each residual gas and 
so can only be used indirectly in vapor pressure measurements. In practice 
two bulbs containing identical filaments are used, one of which is evacuated 
to at least 0.001 p and sealed; the other is connected to the system. The 
two filaments are connected to the arms of a Wheatstone bridge, and any 
change in the temperature of the gage bulb is shown by an inbalance of 
the bridge. Many variations of the Pirani gage have been designed and 
several excellent models are on the market. These are usually calibrated 
(for a particular gas) from 0 to 250 p. The useful range in the gage is 
from 0.005 to 250 p, although the lower range necessitates a special type of 
instrument. 92 

Thermocouple gages in which the thermocouple is welded to the center of 
a heated wire and the new “thermistor” gage, 95 which depends on the resist¬ 
ance of a bead of semiconducting material, operate on essentially the same 
principles as the Pirani gage. 

Knudsen Gage.—The Knudsen gage is based on the principle that a 
mechanical force is exerted between two surfaces which are at different 
temperatures in a gas at low pressure. 96 This force is caused by the dif¬ 
ference in the kinetic energy of the molecules reflected from the surfaces. 
The relation between this force, F, and the gas pressure, P, is: 

P - 2 F/(VTi/T, - 1 ) 

which simplifies to: 


P = 4MV(r, - Tit (16) 

when the difference between the temperatures of the plates, 7', and 7’,, is 
small. The instrument thus functions as an absolute manometer since 
only the temperatures and physical dimensions are involved in the funda¬ 
mental relation. In particular the gage may be used with different gases, 
since the molecular weight, or any other property of the gas, is not involved.’ 

One of the best designs for the Knudsen gage was presented by DuMond 
and Pickels”; this instrument is commercially available. A slightly 


“ von Pirani, Verhandl. dent, physik. Ges., 4, 686 (1906). 

M C. F. Hale, Trans. Am. Electrochem. Soc., 20, 243 (1911). 

711*<1946) BeCker * C ‘ B - Green - and G ’ L - Pearson . Tram. Am. I ml. Elec. Engrs., 65, 

M M. Knudsen, Ann. Physik, 32, 809 (1910). 

" J. W. M. DuMond and W. M. Pickcls, Jr., licv. Sc. Instruments, 6, 302 (1935). 
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modified, and somewhat more rugged, design has been described and ex¬ 
cellently illustrated. 93 A very much«simpler design is that of Hughes, 99 
whose gage consists of a short glass tube containing an electrically heated 
platinum strip for the hotter element. The cooler element is a vane made 
of aluminum leaf. The deflection between the two is read by a microscope. 

The Knudsen gage has the added advantage that it does not require the 
expensive auxiliary electrical equipment which is required with the ioniza¬ 
tion gage. The use of a suspension need not create any more problems 
than are involved in the routine use of a sensitive galvanometer. The gage 
can also be connected directly into a system for the measurement of very 
low vapor pressures. The useful pressure range is about 0.00001 to 10 p, 
about the same as that of the hot cathode ionization gage. 

7. Manostatic Pressure Regulators 

The automatic control of the pressure in a closed system is a necessary 
feature in several methods for vapor pressure measurements. The control 
is often facilitated by the addition to the system of surge tanks which in¬ 
crease the volume many fold. In a considerable number of manostatic 
pressure regulators changes in the level of a mercury column actuate an 
electrical circuit which operates some type of vacuum or air leak. The de¬ 
sign is simple and can be adapted to multiplying manometers if only small 
pressure variations are to be tolerated. A typical regulator for vacuum 
systems using an electrically controlled air leak has been recently described 
by Ferguson. 100 Commercially available devices of this nature are usually 
entirely satisfactory. 

It is often desirable to eliminate electrical contacts from the system. 
Some of the better experimental designs for this purpose are described 
briefly below. 

Gilmont and Othmer 101 have described an automatic pressure-regulating 
manometer which will maintain constant pressures to about 2 mm. at 
lower pressures and to about 5 mm. near atmospheric pressure. The 
device has the advantage of being without electrical control equipment and 
can be constructed without glass blowing. A direct-reading manometer is 
included. 

Two useful designs, based on a type of mercury balance, which facilitate 
control to 0.1 mm., were described by Bailey, 102 and later improved by 

“ J. Strong el al., Procedures in Experimental Physics. 1st ed., Prentice-Hall, New 
York, 1938, p. 148. 

w A. L. Hughes, Rev. Sci. Instruments, 8, 409 (1937). 

100 B. Ferguson, Ind. Eng. Chem., Anal. Ed., 14, 164 (1942). 

101 R. Gilmont and D. F. Othmer, Ind. Eng. Chem., Anal. Ed., 15, 641 (1943). . 

109 A. J. Bailey, Ind. Eng. Chem., Anal. Ed., 15, 283 (1943). 
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Dalin, 103 "'ho found that a duplicate based on Bailey’s original design was 
inclined to “bounce" and would not maintain a sufficiently low pressure in 
the system. A number of similar designs with about the same precision 
of control have been presented in Thelin 104 and Lewis. 10 * 

In the regulator of Caldwell and Barham 106 a lead-weighted glass float 
on mercury actuates a leak. The device maintains the pressure to within 
1 mm. up to 1500 mm. pressure. 

A very useful manostatic regulator for reduced pressures 107 is based on the 
principle of the Dubrovin gage and is illustrated in figure 7. It is termed a 
Cartesian manostat. The float, F, serves to close an orifice, 0, above it 
by means of a small rubber disk, D. P is connected to the vacuum pump 



Fig. 7.—Cartesian manostat 
(courtesy The Emil Greiner Co.) 


and S to the system. When starting up the three-way stopcock, T, is 
open. The orifice, 0, is set so that there is about 1 mm. clearance between 
0 and D. When the vacuum reaches about 1 to 2 mm. above the desired 
pressure, T is closed. Any further evacuation of the system can only be 
accomplished through the orifice 0 which is soon closed by the disk D. 
Should the pressure in the system rise the mercury outside the float is dis¬ 
placed downward outside the float and upward inside the float. The float 
then sinks and opens the orifice until the pressure is back to its former value. 
In actual operation no fluctuation visible on a mercury manometer has been 
noted for pressures from a few millimeters up to atmospheric pressure, 
This may be explained by the fact that the float acts in exactly the same 
way as the float in a Dubrovin gage (see page 160) which has a considerable 

101 G. A. Dalin, Ind. Eng. Chem., Anal. Ed., 15, 731 (1943). 

104 J. H. Thelin, Ind. Eng. Chem., Anal. Ed., 13, 908 (1941). 

><* F. M. Lewis, Ind. Eng. Chem., Anal. Ed., 13, 418 (1941). See also the recent im¬ 
provement by J. M. O’Gorman, ibid., 19, 506 (1947). 

,M M. J. Caldwell and H. N. Barham, Ind. Eng. Chem., Anal. Ed., 14, 485 (1942). 

107 Designed and manufactured by The Emil Greiner Co., 161 Sixth Ave., New York 
13, N. Y. 
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multiplying factor depending on the thickness of the glass in the float. 
The theory is discussed at length in a recent article by Gilmont. 108 

III. VAPOR PRESSURE METHODS 

In the following discussion of the principal methods for measuring vapor 
pressure little consideration is given to either the measurement or control of 
temperature since these topics are adequately covered in Chapters I and 
II. For most applications mercury-in-glass thermometers are perfectly 
adequate. 


1. Static Methods 

The static methods for the determination of vapor pressure measure di¬ 
rectly the pressure exerted by the vapor in equilibrium with the liquid or 
solid under examination. 

In the classical method two barometric tubes are used standing together 
in the same cistern. The substance is introduced into the Torricellian 
vacuum of one of them. The depression of the mercury caused by the 
vapor pressure of the substance is read by comparison with the other tube. 
In practice the tubes are jacketed. The mercury must be thoroughly 
boiled out and the substance degassed. The method is very sensitive to 
the presence of dissolved and adsorbed gases and to impurities which may 
give rise to trouble even after the most careful boiling of the mercury and 
the sample. 109 Another serious objection to the method is the difficulty 
of obtaining repetitive measurements since the barometer tube should be 
boiled out between replicates in order to provide an adequate check. The 
classical form of the static method is not recommended for the determina¬ 
tion of vapor pressures below one atmosphere. However it is most useful 
at high temperatures especially when combined with pressure-volume- 
temperature measurements. This is outside the scope of the present 
chapter. The interested reader is referred for experimental details to the 
papers of Ramsay and Young, 110 * 1,1 Kay, 112 and the critical remarks of 
Smith and Menzies 113 and Schmidt. 114 

Some of the above-mentioned disadvantages are obviated by a different 
type of manometer. The most useful designs are taken up on page 155, 

100 R- Gilmont, Ind. Eng. Chem., Anal. Ed., 18, 633 (1946). 

1W A. Smith and A. W. C. Menzies, /. Am. Chem. Soc., 32, 1412 (1910). 

1,0 W. Ramsay and S. Young, Phil. Tram., 175, 37 (1884). 

1.1 W. Ramsay and S. Young, J. Chem. Soc., 47, 42 (1885). 

1.2 W. B. Kay, J. Am. Chem. Soc., 68, 1336 (1946); 69, 1273 (1947). 

1,1 A. Smith and A. W. C. Menzies, J. Am. Chem. Soc., 32, 1412 (1910). 

114 Schmidt, Z. physik. Chem., 8, 629 (1891). 
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but a glass Bourdon gage may be used as an example for the principle of 
operation. The substance is contained in a small bulb sealed to the gage 
and connected to a vacuum line by a mercury cut-off. The gage, bulb, and 
trap are immersed in a bath, after the substance has been degassed by 
freezing under a high vacuum. The gage then reads the vapor pressure 
of the material at the temperature of the bath. This is the method used 
for determining the vapor pressure of tetraethyllead 118 and nickel car¬ 
bonyl 116 using a glass spoon Bourdon gage, and of mustard gas 117 using a 
specially designed two-liquid magnifying manometer and also a more 
orthodox mercury manometer, and in numerous other investigations. 1,8-121 
In general, this method gives good results if proper attention is given to the 
purity of the sample, the degassing technique, the proper design of the 
thermostat, and, of course, the measurement of the temperature and pres¬ 
sure. If there is any tendency to decomposition the liquid should be de¬ 
gassed before each of the successive measurements. 

Almost any manometric device can be substituted for the Bourdon gage 
in the example above. The only exceptions are gages which are inoperable 
with, or are required to be specially calibrated for, organic vapors. These 
include the McLeod gage, ionization gage, “Alphatron,” Pirani gage, and 
thermocouple gage. In many instances these can be used if some suitable 
instrument such as a sensitive Bodenstein spiral is employed as a null in¬ 
strument, by balancing the vapor pressure on one side against the gage 
pressure on the other. 

An important modification of the static method is the isoteniscope, which 
is described below. 

The Isoteniscope.—The Smith-Menzies isoteniscope 122 obviates many 
of the difficulties involved in the older procedures for the static method. 
Their original design is shown in figure 8 and a later modification 123 in 
figure 9. Wh6n measuring the vapor pressure of a liquid the lower part of 
the U tube is charged with the liquid itself. The low specific gravity of 
all organic liquids compared with mercury is very advantageous, since, 
when the levels in both limbs of the U tube appear to the eye to be the same, 
any error in terms of millimeters of mercury is negligible. Several later 
workers have used an essentially similar design 123 but their use of mercury 

,u E - J - Buckler and R. G. W. Norrish, J. Chem. Soc., 1936, 1567. 

,,e J. S. Anderson, J. Chem. Soc., 1930, 1653. 

nT E. W. Balson, K. G. Denbigh, and N. K. Adam, Trans. Faraday Soc., 43 , 42 (1947). 
1,8 J. E. Kilpatrick and K. S. Pitzer, J. Am. Chem. Soc., 68, 1066 (1946). 

119 H. J. Emel&is and A. G. Maddock, J. Chem. Soc., 1946, 1131. 

C. H. Bamford, D. L. Levi, and D. M. Newitt, J. Chem. Soc., 1946, 468 
121 W. M. Jones and W. F. Giauque, /. Am. Chem. Soc., 69, 983 (1947). 

1,1 A. Smith and A. W. C. Menzies, J. Am. Chem. Soc., 32, 1412 (1910). 
m H * S - Booth and H. S. Halbedel, J. Am. Chem. Soc., 68, 2652 (1946). 
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in the U tube instead of the liquid under test nullifies one of the most at¬ 
tractive features of the method. 

In practice the isoteniscope is connected to a manometer, surge tanks, 
and pressure-control system. The sample is first boiled under a slight 
vacuum until no more air bubbles through the U-tube liquid. Air is cau¬ 
tiously admitted into the system until the liquid levels in the U tube are 
alike, and the temperature and pressure on the manometer are read. The 
sample is then boiled out again and the readings are taken. After a few 


A 



Fig. 8.—Isoteniscope. Fig. 9.—Modified isoteniscope. 

such repetitions the dissolved air and adsorbed gases are completely re¬ 
moved and the successive readings are virtually identical. 

This basic isoteniscope procedure insures the removal of adsorbed and 
dissolved gases and most of the more volatile impurities. The sample is 
thus purified in the equipment until the measured physical property is 
constant. The procedure does not remove higher boiling impurities or de¬ 
composition products or, of course, compounds which boil close to, or form 
azeotropes with, the material under test. Less than a gram of material 
suffices for the measurement. 

Smith and Menzies found that the use of a violently stirred bath was es- 
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sential for steady and equal distribution of the temperature. Their bath 
was cj'lindrical and held about two liters of liquid. 

The method can be adapted to the determination of the vapor pressure 
of solids if a noninteracting, nonsolvent, nonvolatile confining liquid can 
be found. Suggested materials' 22 are mercury and melted paraffin wax at 
the lower temperatures and fusible alloys and molten salt mixtures at 
higher temperatures. 

A recent modification 123 (Fig. 9) is particularly convenient when Hg is 
used as the containing liquid. Bulb C is large enough to hold all the mer¬ 
cury. The isoteniscope can be easily attached to the rest of the apparatus 
by the flat joint, A . First the isoteniscope is evacuated, flamed, and rinsed 
with dry air or nitrogen. Clean mercury is introduced, the isoteniscope is 
reconnected to the vacuum line and is warmed until no more gas bubbles 
appear. It is then detached and tilted until all the mercury is in C. The 
sample is then distilled in by immersing bulb E in liquid air or nitrogen. 
Part of the sample is then boiled off to remove dissolved air. Then the 
stopcock, B } is closed and the isoteniscope is detached and tilted until the 
mercury is all in manometer D. The apparatus is now ready for measure¬ 
ments and can be connected to the usual system and operated as described 
above. 

With this modification the vapor pressures of a large number of com- 
pounds 124-128 have been determined. The auxiliary equipment used is de¬ 
scribed by Booth, Elsey, and Burchfield. 129 The average pressure devia¬ 
tion from a smooth curve was about ±2 mm., with maximum deviations 
as high as 6 mm. The presence of the stopcock may lead to trouble since 
many materials are soluble in stopcock grease, it is difficult to maintain a 
stopcock vacuum-tight, and there may be a leak when the isoteniscope is 
placed in a thermostatic bath. Stopcock lubricants should be tested by 
immersing the evacuated isoteniscope in the bath for about an hour. The 
test should be repeated with a small amount of the liquid under test in the 
isoteniscope. The stopcock should not leak when the liquid is slowly dis¬ 
tilled into a cold trap. Soap, graphite, or the new silicone lubricants, such 
as Dow Corning stopcock grease, may be helpful. 

2. Boiling-Point Methods 

In the numerous boiling-point methods for determining vapor pressure 
the liquid is boiled at a definite pressure and the temperature of the vapor 

1,4 H. S. Booth and P. H. Caruell, J. Am. Chem. Soc., 68, 2650 (1946). 
m H- S - and W. F. Martin, J. Am. Chem. Soc., 68, 2655 (1946) 

'* H. S. Booth and J. F. Suttle, J. Am. Chem. Soc., 68, 2658 (1946). 

127 H. S. Booth and D. R. Spcssard, J. Am. Chem. Soc., 68, 2660 (1946). 
lU H - S. Booth and A. A. Schwartz, J. Am. Chem. Soc., 68, 2662 (1946). 

119 H. S. Booth, H. M. Elsey, and P. E. Burchfield, J. Am. Chem. Soc., 57, 2064 (1935). 
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in equilibrium with the boiling liquid is measured. These methods are 
sometimes termed “dynamic” in contrast to the static methods, but it 
should be kept in mind that the gas-saturation method has also been termed 
a dynamic method. The problem of determining the boiling temperature 
of a liquid to a high degree of accuracy is discussed in Chapter IV, where 
particular emphasis is placed on comparative measurements. The meth¬ 
ods described below are less precise but more useful over a wide pressure 
• range. 

If a thermometer is inserted into a boiling liquid the temperature regis¬ 
tered is far from being a reliable indication of the temperature at which the 
liquid and vapor are in equilibrium. If the thermometer is inserted in the 
vapor phase the vapor may be somewhat superheated when it is formed, but 
it soon cools and condenses, and this temperature of condensation at slow 
rates of distillation, is not only close to the true boiling point at the pre¬ 
vailing pressure but is not affected by bumping of the liquid. The tempera¬ 
ture of condensation or dew point is not strictly equal to the boiling tem¬ 
perature or bubble point of the liquid but is always a little lower except 
when the liquid is absolutely pure (see Chap. IV). However this small 
difference is negligible when the liquid has been properly purified. 

An excellent summary of practical methods for the determination of 
“boiling point” is given by Morton. 130 The present treatise discusses ac¬ 
curate methods in Chapter IV. In addition, the following methods may be 
mentioned. 

A. RAMSAY AND YOUNG METHOD 

In Ramsay and Young’s 131 apparatus, shown schematically in figure 
10, the liquid is allowed to trickle on to the thermometer bulb which is 
covered with a thin layer of absorbent cotton, glass wool, asbestos, or simi¬ 
lar material. The bath is maintained at a temperature about 10° to 15° 
above the value read on the thermometer. The apparatus is connected to 
a cold trap, a manometer, and a surge tank, which, in turn, is connected 
by stopcocks to a vacuum pump and to a supply of air, or an inert gas such 
as nitrogen or helium. 

The apparatus is first thoroughly evacuated and the bath brought up to 
a convenient temperature, a little air is admitted, and enough liquid is al¬ 
lowed to enter in order that the cotton be thoroughly wetted by the liquid. 
The temperature and pressure are read as soon as they become constant, 
then a little more air is admitted and the process repeated. When the 

1,0 A. A. Morton, Laboratory Technique in Organic Chemistry. 1st ed., McGraw-Hill, 
New York, 1938, Chapter III. 

131 W. Ramsay and S. Young, J. Chem. Soc., 47, 42 (1885). 
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supply of liquid on the cotton is exhausted more is admitted from the 
reservoir. If desired the results can be checked by beginning at a high 
pressure, and gradually lowering the pressure with the vacuum pump. It is 
important that no liquid be present in the flask below the bulb. 

This method is extremely simple to carry out, rapid, and it possesses ad¬ 
vantages which are almost unique, since the presence of air and traces of 
moisture do not affect the results and the necessity for carefully maintain¬ 
ing constant temperatures is obviated. 

B. CONVENTIONAL BOILING-POINT APPARATUS 

A convenient apparatus for measuring boiling points at reduced pres¬ 
sure which has been in use in this laboratory for some time is especially use¬ 
ful in the ranges from 10 to 760 mm., and from 30° to 180°. The liquid 
is boiled in a modified Claisen flask (Fig. 11) which is connected to a con- 



Fig. 10.—Ramsay and Young’s 
apparatus: the side arm is con¬ 
nected to a cold trap, manometer, 
surge tank, and manostat; the 
flask is immersed in a heating 
bath. 


denser, receiver, manometer, cold trap, surge tank, and to a vacuum pump. 
Bumping is prevented by means of boiling stones, glass wool, or a Hnizda 
float, shown in the liquid in figure 11, or a suitable pretreatment of the 
bottom of the flask. Glass wool, 132 packed into the flask so that some is 
considerably above the surface of the liquid, is the most effective but also 
1,1 A. Angeli, Gaz . chim. Hal., 23 U, 104 (1893). 
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the most laborious solution. The Hnizda float is recommended as a simple 
alternative which is about as effective. The device which is illustrated 
in figure 12, was adapted by V. Hnizda from the microchemical boiling- 
point apparatus of Siwoloboff. 133 In its simplest form a glass tube is 
sealed off as shown, and the end, A , is rough ground. The hollow end floats 



upright in the liquid and the roughened end promotes smooth boiling. 
The Siedeglocke 134 (boiling bell) is of similar construction, but the lower end 
is flared into a bell instead of being rough ground. The design described 
by Boegel 135 does not float upright and is much less efficient. The use of 
a fine stream of air or inert gas is avoided since any pressure differential 
between the thermometer and manometer causes a systematic error, which 
will vitiate the results at lower pressures. The principal advantage of this 
method lies in the removal of the more volatile impurities by slowly distill- 

IM A. Siwoloboff, Ber., 19, 795 (1886). 

1,4 C. Weygand, Organisch-Chemische Experimenlierkunsl . Barth, Leipzig, 1938, 
1st part, p. 41, Fig. 23. 

m J. W. Boegel, Ind. Eng. Chem., Anal. Ed., 8, 476 (1936). 
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ing the liquid into the cold trap and the partial elimination of the effect of 
less volatile impurities by measuring the temperature of the vapor after a 
partial fractionation has taken place. 

The procedure for making the measurements is as follows. After assem¬ 
bly the system is evacuated, tested for leaks, and then returned to atmos¬ 
pheric pressure. The liquid under test is introduced into the flask until 
it is half full. If necessary the material can be distilled into the system 
under vacuum by means of an appropriate connection to the neck of the 
Claisen flask. Most of the dissolved air, if present, can be removed with¬ 
out undue loss of the sample, by gently boiling the liquid at low tempera¬ 
tures at the highest vacuum feasible for the system, but this extra precau¬ 
tion is seldom required. The pressure on the system is reduced to the 
lowest limit of the measurements desired by means of the vacuum pump 
and is maintained at this value by the use of a suitable regulating device 
such as the Cartesian manostat described on page 171. The flask is then 
heated until the material slowly distills into the cold trap at an equilibrium 
rate. For most of the compounds tested this rate has been about 1 to 3 
ml. per minute, but the proper minimum value needs to be determined by 
test. The heating unit can be an electric cone heater fitted with an asbes¬ 
tos collar to shield the upper part of the apparatus from overheating, or, 
preferably, an oil bath, or some other suitable device. The heater should 
be kept below the level of the liquid in the flask. As soon as a steady, slow 
distillation rate has been achieved, simultaneous readings are taken of the 
temperature of the vapor and the pressure. The necessary data for the 
emergent stem correction should also be taken if this correction is needed 
(see Chapter I). Several sets of data are taken within the next few minutes 
until successive readings are essentially constant. If further measurements 
are desired at higher pressures, the heating is discontinued, the pump shut 
off, and a little air or inert gas is bled in until the pressure is slightly above 
the desired value. The automatic pressure regulator is readjusted, the 
pump and heater are turned back on, and the whole process repeated. 

The success of this method depends largely on the prevention of both 
superheating of the vapor and excessive condensation, by means of appro¬ 
priate insulation. The manometer connection should be close to the ther¬ 
mometer, and all connections should be of wide bore. 

The accuracy of the boiling-point method described above becomes very 
poor at pressures below 10 mm. In an excellent analysis of this situation 
Hickman and Weyerts 136 lay the principal blame on the pressure reading 
and show several methods of obviating the difficulty. In particular they 
estimate that boiling points in the literature around 10 mm. are probably 

138 K. C. D. Hickman and W. Weyerts, J. Am. Chem. Soc., 52, 4714 (1930). 
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inaccurate to at least 1° C. and that boiling points at lower pressures are 
completely unreliable. This is in full accord with our observations. 

Hickman and Weyerts recommend the use of a specially designed still 
head containing a built-in automanometer. This manometer uses the 
liquid itself as a manometric fluid. The reflux condenser acts as a simple 
condensation pump in maintaining a reference vacuum on one side of the 
automanometer. The equipment requires for its construction a certain 
amount of glass-working skill, but a simpler model is also shown. The 
reader is referred to the paper for the details of the equipment; he will 
also profit from the cogent remarks of the authors on the distillation of 
“phlegmatic” or difficultly volatile liquids. 

C. PRECISION BOILING-POINT METHOD 

The routine, but highly precise, measurement of vapor pressure may be 
greatly facilitated by the use or adaptation of the semicbulliometric boiling- 
point method of Willingham and coworkers. 1,7 A specially designed boiler 
was connected to the mercury manometer with electrical contacts for main¬ 
taining the pressure constant at 20 fixed points, described on page 158. 
In operation the pressures corresponding to the contacts were determined 
by calibration with water. The boiler is illustrated and further described 
in Chapter IV (Fig. 12). It is essentially a well-shielded glass pot contain¬ 
ing an inlet tube for introducing the sample. A platinum resistance ther¬ 
mometer is located in the vapor space, which is connected to the manom¬ 
eter and to a special valve for the accurate control of the reflux ratio. 

The results obtained with this equipment on 52 purified hydrocarbons 
were very good for a method which had been placed on a semiroutine basis. 
The boiling-point variation in duplicate runs a year apart can be easily 
accounted for by their estimated error of 0.02 to 0.05 mm. 

3. Gas-Saturation Method 

In the gas-saturation method, first used by Regnault 138 in 1845, a current 
of inert gas is passed through or over the material at a slow enough rate to 
insure equilibrium saturation. The vapor pressure is then computed on 
the assumption that the ratio of the vapor pressure to the total pressure is 
the same as the ratio of the volume of vapor to the total volume of vapor 
and inert gas (Dalton’s law). The volume of vapor must be computed by 
the gas laws, applying a small P-V-T correction if necessary, from the 

1,7 C. B. Willingham, W. J. Taylor, J. M. Pignocco, and F. D. Rossini, J. Research 
Nall. Bur. Standards, 35,219 (1945). 

,a# H. V. Regnault, Ann. chim., 15, 129 (1845). 
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weight of material vaporized, which is usually obtained either by condens¬ 
ing and weighing the amount vaporized or by determining the loss of 
weight of the liquid in the saturator. The method is thus limited by the 
condition that there must be no association in the vapor. Fortunately 
this does not cause any difficulty in the majority of cases. 

Gerry and Gillespie 139 have presented an accurate method for calculat¬ 
ing vapor pressures by the gas-saturation method using the Beattie- 
Bridgeman equation of state. Errors as large as 1.6% were noted for io¬ 
dine, when these corrections were not made. The reader is referred to the 
article for details and suggestions for performing the experiments in such 
a way as to utilize this information to best advantage. 

Apparatus.—The actual arrangement used for the apparatus in the 
gas-saturation method depends largely on the problem at hand, but all 
designs have certain features in common. The laboratory low pressure 
air supply can usually provide the source for the gas current, if the com¬ 
pound is sufficiently stable in the presence of air. If not, either nitrogen 
or helium may be substituted. Whatever gas is used, pressure reducers 
and some types of flowmeter are necessary in order to provide an even flow 
of gas. In fact the varied demands on the air supply in a large laboratory 
usually cause such wide fluctuations in pressure that some type of automatic 
pressure regulator and a surge tank reservoir of several liters capacity are 
also essential if trouble-causing variations in flow rate must be avoided. 
The gas then passes through a drying tower and the thermostated saturator. 
The evaporated material is collected in a trap, if necessary, and the gas is 
finally measured in a collecting bottle or, more usually, by a standardized 
gas meter. When the amount of gas passed over is very large the gas may 
be measured by determining the loss in weight of a thermostated saturator 
containing water. The total pressure at the saturator, which must be ob¬ 
tained, is usually measured by a small, open-end manometer containing 
a suitable light manometric liquid. The barometric pressure is obtained 
m the usual way, but should be corrected to the level of the saturator 
manometer since the barometer reading indicates the pressure at the level 
of its cistern (see page 145). 

Before completely setting up the equipment for these measurements, 
preliminary runs are needed in order to establish that the gas flow provides 
complete saturation of the gas stream with the substance under study. If 
this is not achieved after a few runs at successively lower gas-flow rates, 
the saturator requires redesign. There is little reason to doubt that satu¬ 
ration will be obtained with a liquid at a particular flow rate if saturation 
has been easily obtained with a test liquid of similar vapor pressure at the 
same flow rate. A suitable saturator design for liquids is shown in figure 
H T. Gerry and L. J. Gillespie, Phi/s. Rev., 40, 269 (1932). 
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13. The fritted glass disk does not give an abnormally high pressure drop. 
Constancy of gas flow is not necessary if the rate is kept below the maxi¬ 
mum flow rate for complete saturation, since only the total amount of gas 
saturated by the substance is needed in the calculations. 

In many instances the amount of material in the gas stream is most ac¬ 
curately measured by absorbing the material in a suitable liquid and 
analyzing the solution. For example, in this laboratory iodine solutions 
have proved useful for absorbing tetraethyllead from a gas stream. In 
determining the vapor pressure of mustard gas (0,0'-dichlorodiethyl sul- 



Fig. 13.—Saturator: D is a sintered 
glass disk; P is a perforated porcelain 
disk; B are bulbs filled with glass 
wool; S is a stopcock; and J is a 
spherical ground-glass joint. The 
saturator is immersed until the level 
of the bath is between J and B ; 
broken line shows initial liquid level. 


fide) by the gas-saturation method, Balson, Denbigh, and Adam 140 found 
that the best method for the determination of the amount of mustard gas 
evaporated was the absorption of the gas in 25% acetic acid, which com¬ 
pletely liberated the chlorine. The solution was titrated potentiomet- 
rically with silver nitrate. 

The equipment used by these authors merits special mention. Unusual 
features include a separate preheating coil identical in shape to the spiral 
saturator but placed vertically instead of horizontally, and the use of an 
auxiliary, preheated air stream which was mixed with the saturated vapor 

1,0 E. W. Balson, K. G. Denbigh, and N. K. Adam, Trans. Faraday Soc., 43,42 (1947). 
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just after the saturator. This effectively prevented premature condensa¬ 
tion of the liquid. The air to the saturator was metered by displacing the 
air in a 6-liter bottle by water under a constant head. The air was thor¬ 
oughly dried before it entered the thermostated zone. The precision was 
about 3% from 0.05 to 3.5 mm. 

Calculation.—Since the calculations for this measurement are fre¬ 
quently misunderstood, they are now considered in detail. In the par¬ 
ticular example chosen the evaporated substance is removed in a cold 
trap and the gas is saturated with water by passing it through a bubbler 
before it is finally metered with a wet-test gas meter. This procedure 
prevents contamination of the meter by the compound and obviates pos¬ 
sible difficulties associated with the haphazard degree of saturation of the 
gas stream with water in the wet-test meter. Regardless of the sequence of 
operations the important fact in the calculations is that the amount of 
dry gas remains the same at every step. Dalton’s law and the ideal gas 
laws are assumed to be valid. A more rigorous treatment is discussed by 
Gerry and Gillespie. 139 

Notation 

T s , temperature of saturator, °K. 

Tst, temperature of wet-test meter, °K. 

Ps, total pressure at saturator, mm., obtained from barometric pres¬ 
sure corrected to manometer level, and reading on open-end manometer at 

saturator. 

Pm, total pressure at wet-test meter, mm. 

ps, vapor pressure of compound, mm., at T s . 

Pw> vapor pressure of water, mm., at Tu. 

g, weight of compound evaporated, grams. 

(MW), molecular weight of compound vaporized. 

V M) measured volume from wet-test meter, .liters. 

V A , volume of dry gas going through system, liters, measured at 
Ts, Ps. 

The value of V A is easily established from the measured volume, V Mi by 
assuming that Dalton’s law is valid for the moisture content, and by correct¬ 
ing to the saturator temperature and pressure using the ideal gas laws: 

V A = V m (T s /T„)(P m /P s )(P m - Vw)/Pm (17) 

At the saturator the volume of the vaporized substance at T s , Ps may 
be calculated from the ideal gas laws to be gRT s /(MW)P s , where R = 
62.361 mm.-liters per degree Kelvin. From Dalton’s law at the saturator: 

_ Ps _ _ Ps — Ps 

gRT s /(MW)P s y A 


(18) 
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Substitution of the value of V A from equation (17) gives: 



gRT s T m Ps Ps — Ps 
(ATI V)P 3 T.V U P„ - pw 

(19) 


II 

1 

* 

(20) 

where: 

K = (M\V)V m (P u - pw)/gltT„ 

(21) 

whence: 

Ps = Ps/{K + 1) 

(22) 

By the use of equations (21) and (22), it is not necessary to neglect the 
value of p s in the term P s - p St as is often done. 

If the dry gas is metered either before it enters the saturator, or after the 
cold trap, without any water being added either by a saturator or in a wet¬ 
test meter: 


y* = Vu(T s /TuKP„/Ps) 

(23) 


„ gRT* Ts,p s 

Ps (MW)P 3 . t 3 v u p m {Ps Ps) 

(24) 


- (Ps ~ Vs)/K 


where: K - (MW)V u P u /gRT„ (25) 

It should be noted that most wet-test meters should be calibrated at 
regular intervals. The meter factor can be conveniently combined with 
the value of R. 

Accuracy.—For most organic compounds with vapor pressures below 
10 mm. an accuracy of about ±3% is easily obtainable. The use of a 
violently stirred thermostatic bath is of considerable value in maintaining 
adequate temperature control. The accuracy can often be improved by a 
careful analysis of the possible experimental errors in various parts of the 
procedure before the experiment is performed. For this purpose an ap¬ 
proximation to the vapor pressure using one of the methods described in 
a later section is entirely adequate. This type of analysis may help to 
decide whether the amount evaporated may be most accurately determined 
from the loss in weight of the saturator vessel, directly by weighing a trap 
containing the condensate, or by analysis of an absorbent. The use of 
semimicro analytical methods can frequently shorten the time of the vapor 
pressure determination from days to hours. 

The gas-saturation method has been extensively employed by Baxter 
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and his colleagues 141 *" 144 and their papers contain much of interest to the 
organic chemist although their principal studies were on hydrated salts. 
In a series of measurements 143 on certain war gases (chloropicrin, cyanogen 
bromide, chloroarsines, and arsenic trichloride) the method was generally 
found to be reliable to within a few per cent. The pressures measured 
ranged from 224 mm. to a few microns, but the*accuracy was much poorer 
in the extremely low range. 

4. Comparative Measurements 

The ebulliometric techniques in which the boiling temperatures of two 
liquids are compared at the same pressure are fully described in Chapter 
IV (p. 107 et seq.). In general, these 
methods afford the most precise way 
known of measuring vapor pressures 
above about 10 mm. and their accu¬ 
racy is only limited by the necessity of 
obtaining suitably pure compounds 
for the comparison and by the accu¬ 
racy to which the vapor pressures of 
these reference compounds are known. 

Elaborate equipment is not required 
for comparative vapor pressure meas¬ 
urements below the boiling point if 
the Bremer-Frowein 145t 146 tensimeter 
is used. This is shown schematically 
in figure 14. Bulbs A and B are con¬ 
nected to the limbs of a manometer 
containing a suitable manometric 
liquid. A contains the substance 
under test and B the reference com¬ 
pound. It is good practice to distill 
these compounds into the bulbs by 

the connections shown, freeze if con- Fig. H.-Bremer-Frowcin tensimeter. 
venient, and remove the adsorbed and 

dissolved gases with a vacuum pump. Moisture should be rigorously 

ut d ® axU!r ’ C * H * Hickey, and W. C. Holmes, J. Am. Chem. Soc., 29, 127 (1907). 
G. P. Baxter and J. E. Lansing, J. Am. Chem. Soc., 42, 419 (1920). 

noon?' P ' BaXter ’ F ' K ' BcZZOnU ' rgcr ' and c - “• Wilson, J. Am. Chem. Soc., 42, 1380 

144 G. P. Baxter and W. C. Cooper, Jr., J. Am. Chem. Soc., 46 , 923 (1924) 

144 Frowein, Z. physik. Chem., 1,1 (1887); 17, 52 (1895). 

(1944?' Calingaert ’ H * S ° rOOS ’ V ‘ Hnizda ’ and H - Shapiro, J. Am. Chem. Soc., 66, 1389 
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excluded from the material by drying the vapor through an adequate 
drying agent. Water is frequently used as a reference compound since its 
vapor pressure is well known and it can be easily prepared in high purity. 
The pertinent properties as well as those of other liquids which are suitable 
for ebulliomctric standards are discussed on page 123. 

As an example of this technique the work of Calingaert and associates 146 
on hexamethy(ethane may be cited. The vapor pressure of a purified 
sample of the hydrocarbon over the temperature range from 0° to 110° was 
determined by measuring the difference in pressure exerted by the hydro¬ 
carbon and water at the same temperature. 

The procedure used in filling the tensimeter is described in some detail 
since similar techniques are required whenever liquids must be introduced 
into a closed system. The water and hydrocarbon were charged into the 
apparatus as follows. 

An auxiliary bulb was scaled to the bottom of the U tube to hold the mercury 
while bulbs A and B were being filled. A second auxiliary bulb was sealed to A, and 
a third to B through a stopcock, the auxiliary bulb being sealed to the bottom outlet 
of the barrel of the stopcock. A second stopcock was also sealed to the third bulb 
for use in evacuating the system. After sufficient mercury for the manometer was 
placed in the lower bulb, about 20 ml. of distilled water was placed in the bulb at¬ 
tached to B through the barrel of the stopcock, the system was evacuated, and 
about 15 ml. of the water was distilled into the auxiliary bulb attached to A by 
cooling the bulb in ice water. The water in this bulb was then frozen and the sys¬ 
tem filled with nitrogen. The residual water in the bulb attached to B was re¬ 
moved, and the bulb was dried by heating and blowing nitrogen into it. About 
12 g. of hexamethylethane were then charged into the bulb through the barrel of 
the stopcock, and the system was evacuated while the bulbs containing the water 
and hydrocarbon were cooled in dry-ice baths. The mercury was run into the 
manometer tube by tilting the apparatus, and the lower bulb was sealed off. The 
ice in the auxiliary bulb attached to A was melted and distilled into A. When 
most of it had distilled, the distillation was reversed by cooling the auxiliary bulb 
in ice water. When about one half of it had distilled, the auxiliary bulb was sealed 
off. A similar procedure was used for introducing the hexamethylethane into B. 

The tensimeter was immersed in a bath of ethylene glycol, fitted with heating 
elements for raising its temperature, and an electric stirrer. Vapor pressure 
measurements were made by recording the difference in mercury levels in the ma¬ 
nometer at temperature intervals varying from 1° to 10° in the range from 0° to 
110°. The bath was maintained at constant temperature for at least 15 minutes 
before readings were taken, by control of the current into the heaters. The differ¬ 
ence in mercury levels was read to an accuracy of ±0.1 mm. from a steel scale 
immersed in the bath, by means of a telescope, and the readings were corrected for 
expansion of the steel scale and the change in density of the mercury with tempera¬ 
ture. Temperatures were measured to ±0.01° by a 24-inch calibrated ther¬ 
mometer and also by the thermocouple used in the freezing-point determinations. 
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From the data obtained, the vapor pressure of hexamethylethane was 
calculated by subtracting the difference in pressure readings from the vapor 
pressure of water, using for the latter the data of Osborne, Stimson, and 
Ginnings. 147 

Several attempts were made to fit various standard empirical equations 
to the original vapor pressure-temperature data for the solid. All gave 
unreasonable results and indicated that the calculated logarithms of the 
pressures at the lower temperatures were too low. This suggested the 
presence of a systematic error in the pressure measurements which would 
be masked at the higher pressures, but be more noticeable at the lower 
pressures. Accordingly, realizing that no special precautions had been 
taken rigorously to exclude water vapor in the arm of the tensimeter con¬ 
taining the hexamethylethane, the vapor pressure of the hydrocarbon was 
remeasured at two points, 0° and 22°, in a vacuum manometer, after the 
hydrocarbon had been dried over phosphorus pentoxide and water vapor 
had rigorously been excluded from the system. This gave values about 1.4 
mm. lower than those obtained in the tensimeter. Accordingly, 0.0057’ 
mm., corresponding to 1.4 mm. at the lower temperatures, was subtracted 
from the observed pressures. The size of the deviations in pressure from 
an Antoine equation (see page 205) are less than ±0.4 mm., smaller than 
would be expected considering the precision of reading the pressure and 
temperature. 


5. Methods for Very Small Vapor Pressures 

The measurement of very small vapor pressures presents special prob¬ 
lems. If the compound can be properly degassed a static method with a 
multiplying manometer, a glass Bourdon gage, or a Knudsen gage may be 
entirely adequate. The gas-saturation method is also suitable but may 
require too much time for each measurement, unless micro analytical 
methods are applicable. Some of the methods which have been devised 
for the determination of low vapor pressures are described below. 

a. hickman’s methods 

Hickman and associates'" have described a direct boiling-point method 
which gave consistently good results down to 0.03 mm. (30 M ). In an 
earlier paper'" Hickman and Weyerts discuss the various types of errors 

26l"(1939) OSb ° rne ' H ’ F ’ StimS ° n ’ D ' C ' G ‘ Dn ' n S s i J- Research Nall. Bur. Standards, 23. 

9. 2M (1937)' HiCkmaD ' J ’ C ' Hccker ' and N ’ D - Embr “. Ind. Eng. Chem., Anal. Ed., 
K. C. D. Hickman and W. Weyerts, J. Am. Chem. Soc., 52, 4714 (1930). 
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which are encountered in the distillation of high-boiling, “phlegmatic” 
liquids. Their discussion is highly recommended for its critical comments 
and helpful suggestions on the determination of boiling points below about 
15 mm. 

Ihe measurement of low vapor pressures by a boiling-point method is 
complicated by the fact that the velocity of the stream of molecules from 
the boiling liquid to the vapor thermometer bulb becomes comparable to 



Fig. 15.—Hickman’s tensimeter- 
hypsometcr. 



the random velocity of the molecules which determines its equilibrium 
pressure. The thermometer therefore does not register accurately the 
condensation temperature of the saturated vapor. The apparatus devised 
by Hickman 148 can be used either for measuring vapor pressure, tensimeter , 
or as a secondary manometer, hypsometer, by measuring the boiling point 
of a liquid with known vapor pressure. The model shown in figure 15 
has a cup placed on the thermometer which increases the sensitivity of the 
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instrument when the pressure is lowered. An essentially similar apparatus, 
which does not have the cup around the thermometer, was found to be 
entirely satisfactory except that the response (o a decrease in pressure was 
rather slow. 

The tensimeter is essentially a well-insulated, short, wide boiler con¬ 
nected with a water-jacketed condenser. The vapors pass the thermom¬ 
eter at low velocity and suffer a minimum obstruction. Hickman' ,s used 
either an oil manometer 150 (see page 104) or a Pirani gage (see page 109) 
to measure the low pressures involved. In operation the liquid under 
study is boiled with various pressures of residual air or inert gas in the 
apparatus. This equipment gives reliable results bet ween 0.03 mm. (30 g) 
and 4 mm. Accurate readings are precluded above t his range by bumping 
and splashing, and below this range by the interdiffusion between the vapor 
and residual gas, and by the fact that the random velocity is small com¬ 
pared with the forward velocity of the vapor molecules. 

In the low range Hickman 151 recommends an entirely different kind 
of apparatus in which the pressure of the vapor issuing from a wide orifice 
is balanced against a long, light-weight pendulum. The results obtained 
were consistent down to 0.7 g, but even this low pressure is not the ulti¬ 
mate for this type of equipment. Complete details are presented in Hick¬ 
man’s article, including results on three solids melting above 148° C. 

A slightly improved model 151 * is shown in figure 1G. The substance is 
placed in the boiler, B, which is submerged in a heating bath, and the side 
tube, V, is connected to a vacuum system capable of maintaining a pres¬ 
sure of 0.1 g or less, as measured by a Pirani or similar vacuum gage. 
The whole assembly can be rotated by a turning mechanism which is not 
shown. The pendulum, D, is a flat duralumin disk suspended by a dural¬ 
umin wire from a shaft riding in jeweled bearings. At the start the ap¬ 
paratus is rotated until the orifice of the boiler is just closed. As soon as 
the substance reaches thermal equilibrium the issuing vapor blows the 
pendulum away from the orifice. The apparatus is then rotated by an 
angle 0 until the orifice is again closed. It is recommended 151 that the 
vapor be allowed to stream past the open pendulum for some time before 
taking readings in order that the material be thoroughly degassed. The 
cold finger, C, is filled with liquid nitrogen or carbon dioxide snow and is 
intended 151 * to eliminate possible back pressure on D. The small platinum 
resistance heater H was used 151 * occasionally to vaporize any material 
which might have condensed near the orifice. The vapor pressure, P , is 
calculated from the relation: 

m K. C. D. Hickman, Rev. Sci. Instruments, 5, 161 (1934). 

o H,ckman ’ J * C * Hecker ’ and N. D. Embree, Ind. Eng. Chan., Anal. Ed., 

y, (iy,57). 

u,a F. H. Verhoek and A. L. Marshall, J. Am. Chem. Soc., 61, 2737 ( 1939 ). 
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P (microns) = 736(4 W/ttD 2 ) sin 0 

where W is the weight of the pendulum in grams, D the diameter of the 
orifice 0 in centimeters, and 736 converts grams per square centimeter to 
microns. For Hickman’s model 151 W = 2.405 g., D = 3.30 cm., P /sin 
0 = 207; for the other model ,W = 0.787 g., D = 3.134 cm., P /sin 0 = 
75.1. Both papers discuss the precision and accuracy in detail. The pre¬ 
cision is about ±5%, but the accuracy may be somewhat poorer, although 
it is not possible to establish its magnitude from available data in the litera¬ 
ture. 

The following vapor pressure data 151 arc of utility if the apparatus is 
being used as a hypsometer. The vapor pressure of butyl phthalate is 
given by the equation: 

log P (microns) - 14.215 - 4680/(J + 273) 

The corresponding equation for 2-ethylhexyl phthalate (octoil) is: 

log P (microns) = 15.116 - 5590/(* + 273) 

The boiling points of these compounds over the low pressure range are 
shown in table III. 


Table III 


Boiling Points of Two Hypsometer Liquids 


Pressure, 

M 

Boiling point. • C. 

Pressure. 

Boiling point, 0 C. 

Butyl 

phthalate 

Octoil 

Butyl 

phthalate 

Octoil 

0.5 

49 

90 

10 

81 

123 

1 

56 

97 

20 

89 


2 

63 

104 

30 

94 


3 

68 

109 

50 

101 


5 

73 

115 

80 

107 

150 

8 

79 

120 

100 

110 

153 


B. McLEOD GAGE METHOD 

An important feature of Menzie’s McLeod gage method 152 is that no as¬ 
sumption is necessary concerning the molecular weight of the vapor. A 
McLeod gage is used in conjunction with a liquid-vapor chamber. None 
of the vapor enters the gage. 

The McLeod gage, which should be immersed in a thermostatically con¬ 
trolled bath to insure constancy of temperature, is connected by a capillary 
with a cylindrical bulb which can either be submerged in a bath or jacketed 
in order to give it the temperatures desired. The bulb, which may be 

ut A. W. C. Menzies, J. Am. Chem. Soc., 42, 2218 (1920). 
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made of any suitable material, should have as large a volume as convenient 
relative to that of the gage. This system is connected through a mercury 
seal to a source of dry inert gas and to a vacuum line. 

The system is charged with an inert gas at a convenient pressure. If the 
temperature of the bulb is raised, the gage should indicate an increased 
pressure close to that which may be computed from the gas laws and the 
temperatures and volumes of the hot and cold parts of the system (see be¬ 
low). The particular values of the initial and final bulb temperatures 
must be chosen to fit the circumstances. In making the vapor pressure 
measurements the bulb contains sufficient material to more than saturate 
the vapor space in the bulb, but the vapor is prevented from reaching the 
gage by a suitable cooling trap around part of the capillary. 

The initial temperature of the bulb is chosen low enough that, at least for 
a first approximation, the vapor pressure is negligible compared with the 
vapor pressure at the higher temperature of the bulb. On operating the 
apparatus as before, the pressure increase is higher than if the inert gas 
alone were present. The vapor pressure is readily computed by an applica¬ 
tion of the gas laws. The greatest sensitivity is obtained when the pressure 
of the inert gas is only slightly greater than the highest vapor pressure to be 
measured. The use of low inert gas pressures may emphasize deviations 
from Dalton’s law, but this source of error may be eliminated by using 
several different inert gas pressures. 

The vapor pressure of the material is easily calculated by means of the 
assumption of Dalton’s law and the ideal gas laws from the successive read¬ 
ings of the McLeod gage taken as described above. Let T a (° K.) be the 
temperature of the gage which is maintained constant. As a first approxi¬ 
mation the vapor pressure of the material, P 0 , is assumed to be negligible 
at the reference temperature, T 0 (°K.). The gage and vaporizing vessel 
are filled with gas at T 0 and * 0 mm. total pressure. Let T and tt be the 
temperature and total pressure read on the gage for any one of the readings 
and P be the vapor pressure at that temperature. Then: 

P = (ir ~ 

ToV/Vo + T To 

where F is the volume of that part of the system containing the saturated 
gas, that is, the vaporizing vessel and the adjacent capillary up to the cold 
trap, and V G is the volume of that part of the system which does not contain 
any of the vaporized material, that is, the McLeod gage and the rest of the 
capillary. This relation may be written as: 

P = ' (* + w/0 “ T0 (f. + tJvv,) 


(26) 
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If the vapor pressure at To cannot be entirely neglected although it is 
small, the relations above can be applied in the slightly modified form: 

= (* ~ *q)T _ Qr 0 - P 0 )T 
ToV/V 0 ^ T To 

° I: r + -'•(?.(■ -S) + wk) <27) 

The value of P 0 to use in the formula can usually be estimated by a few 
approximations. 

An an example of the method of calculation some values from the data of 
Crooks and Feetham 1 ** on phthalic anhydride are shown in table IV. The 
unit of pressure is the micron (0.001 mm.), T a = 290° K., V/V a = 0.480, 
and TqV/Vo = G04.2. 


Table IV 


Vapor Pressure of Phthalic Anhydride Neolf.ctino P 0 


T, • K. 


£ 

T 

r t 

■Ppgpgx; 

/* 

ir 

T a V/V a 

T. + T 0 V/V 0 


200.9 

72.3, 

_ 

_ 

_ 



304.6 

1X1 

1.1G75 

0.5041 

1.6716 

1.5041 

0.3, 

311.0 

83.0, 

1.1920 

.5147 

1.7067 

1.5147 

2.2* 

320.9 

88.4, 

1.2299 

.5311 

1.7610 

1.5311 

8.0, 

325.0 

91.6, 

1.2480 

.5389 

1.7869 

1.5389 

11.7» 

332 1 

98.4, 

• 

1.2729 

.5-197 

1.8226 

1.5497 

20.6, 


A plot of the vapor pressures against temperature shows that the point 
at 304.6° K. has a large error of some kind. Assuming that the tempera¬ 
ture measurement is to be trusted, * is estimated to be about 81.1 7 . Using 
this value for tt 0 the values can be checked by employing the set of equations 
for the case where P 0 cannot be neglected. A fair estimate for P 0 based 
on the other values in table IV appears to be l.lo m- The calculations are 
summarized in Table V. The correction term (1 — Po/no) is equal to 
0.9864. 


Table V 

Vapor Pressure of Phthalic Anhydride Allowing for Pq 


T. ° K. 

ir 

/•“S 

1 

31? 

T 

T a y/y 0 

f.O - 2) - 

T 

T a y/y a 

1 + T 

P 

+ r 0 y/y 0 

304.6 

81.It 

_ 

_ 


~ 

_ 


83.0, 

1.0071 

0.5147 

1.5218 

1.5147 

2.2 e 

rli iflf ' 

88.4, 

1.0392 

.5311 

1.5703 

1.5311 

8.0, 

1 fl'M 

91.6. 

1.0544 

.5389 

1.5933 

1.5389 

11.7r 

Oi 

98.4, 

1.0755 

.5497 

1.6252 

1.5497 

20.6, 


161 D. A. Crooks and F. M. Fcctham, J. Chem. Soc., 1946, 899. 
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Since these values of P are but little different from those in table IV, 
which were used for the estimation of Po, no second approximation for Po 
with the subsequent calculation of the P values is required. 

These results were found to be in excellent agreement with static measure¬ 
ments at higher temperatures, 91° to the melting point (about 130°). 

It should be noted that some very careful workers have been unable to 
get reliable results by this method. Balson m found that the results for 
bromobenzyl cyanide were too low by 25%, and stated that the difficulty 
may have been a misunderstanding of the description of Mcnzies’ technique. 

c. EFFUSION METHODS 

The various effusion methods are based on the effusion of the vaporized 
substance from a surface, or through an orifice. 



I'ig. 17.—K(fusion apparatus. 


Knudsen’s Method.— In Knudsen’s IM method the substance effuses 
through small holes of known area. The principal applications of this 
method have been to the determination of the vapor pressure of metals 
such as mercury, cadmium, zinc, and lead by Egerton, 156 calcium by Pil¬ 
ling, 167 and electrically heated filaments by Langmuir. 159 However 
it is equally effective for obtaining the vapor pressure of organic crystals 

144 E. W. Balson, Trans. Faraday Soc., 43, 54 (1947). 

M. Knudsen, Ann. Physik, 28, 75, 999 (1909); 29, 179 (1909). 

,M A. C. Egerton, Phil. Mag., 33, 33 (1917). 

147 N. B. Pilling, Phys. Rev., 18, 362 (1921). 

144 1. Langmuir and G. M. J. Mackay, Phys. Rev., 4, 377 (1914). 

149 1. Langmuir, Phys. Rev., 2, 329 (1913); Physik. Z., 14, 1273 (1913). 
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in the 1 to 200 p range 160 and for other difficultly volatile organic compounds. 
This paper also contains 21 references to methods of measuring very low 
vapor pressures. 

The effusion apparatus is shown in figure 17. The material is contained 
in a small box, C, set in a brass block, B, which is sealed into the bottom of 
the wide glass tube, T, with de Khotinsky or a similar cement. The box 
can be removed for weighing. The lid is screwed on, and is perforated 
by a hole over which is soldered a piece of very thin copper foil. The ef¬ 
fusion hole, //, is made in the foil with a small needle and the burrs are re¬ 
moved by very fine emery cloth. The diameter of the hole is determined 
by microscopic examination. The tube is attached to one or two cold 
traps, a McLeod gage, and a good vacuum pump. Swan and Mack 160 used 
a train of pumps which served to maintain a vacuum of 0.01 p in the system. 

The tube and box are immersed in a reliable thermostat. Before start¬ 
ing the vacuum the box is weighed, placed in the brass block, which is then 
sealed in place, and allowed to reach thermal equilibrium by standing in 
the thermostat for an hour. The tube is then evacuated and the loss in 
weight of the box is measured after a known time interval. 

The vapor pressure, pi, is calculated from the equation: 1 ® 1 

Pi - Pi = ( G/t)(w x + w t )/y/T) 

where G is the grams of substance lost by effusion, t the time in seconds, pi 
the pressure of the saturated vapor inside the box, p 2 the pressure in the 
vacuum above the effusion hole, D the density of the vapor at the tempera¬ 
ture of the experiment and at a pressure of 1 dyne per square centimeter 
(0.750 p), and W\ and w 2 the resistances of the hole and the tube, respec¬ 
tively. In most cases w 2 is negligible in view of the width of T , and Wi 
can be calculated from the relation: 

Wi = y/2r/A 

where A is the area of the effusion hole in square centimeters. The rela¬ 
tion simplifies to the Langmuir equation on applying the ideal gas laws 
and neglecting p 2 : 

p, = (G/At) V 2r RT/M (28 

where pi is in dynes per square centimeter, G, A, and t as before, M the 
molecular weight, T the absolute temperature, °K., and R the gas constant, 
8.31439 X 10 7 ergs per degree mole. 162 Insertion of the constants gives: 

160 T. H. Swan and E. Mack, Jr., J. Am. Chem. Soc., 47, 2112 (1925). 

Ul M. Knudsen, Ann. Physik, 28, 999 (1909). 

u * D. D. Wagman, J. E. Kilpatrick, W. J. Taylor, K. S. Pitzer, and F. D. Rossini, 
J. Research Nail. Bur. Standards, 34, 1243 (1945). 
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pi (microns) = 17143.5 (G/AtWT/M (29) 

These formulas are only strictly accurate when there are no molecules 
reflected back through the effusion hole. This is accomplished by keeping 
the diameter small compared with the width of the glass tube, T. Swan 
and Mack 163 estimate that the total error in their measurements is less than 
1 or 2%. 

Effusion Manometer.—The principal disadvantage of Knudsen’s 
effusion method, which is described above, is the troublesome breaking 
of the vacuum at intervals in order to determine the loss in weight. 
Several investigators have designed balances which are operable in the 
evacuated space. Volmer'* 4 and Dietz 1 * 5 use balances of conventional 
beam design and Ubbelohde' 6 * a quartz spring balance. Another approach 
by Volmer'* 4 and other workers' 67 involves the measurement of the recoil 
force from the stream of effusing gas. The effusion vessel is suspended 
from a quartz fiber torsion balance in such a way that the two streams of 
effusing gas tend to twist the fiber in the same direction. 

Recent experiments by Balson'* 8 using this method have proved to be 
very successful for the measurement of vapor pressures down to 2 X 10 ~ b 
mm. (0.02 p) on such substances as chloroacetophenone, the isomeric 
hexachlorocyclohexanes, thymol, dichlorodiphenyltrichloroethane (D.D.- 
T.), and dinitrocresol. Several different effusion vessels were designed. 
The most sensitive gave a scale deflection of 480 mm. per micron of vapor 
pressure. The method requires a considerable amount of attention to de¬ 
tail and skill in drilling the effusion holes in the vessel. The reader is re¬ 
ferred to the article for the details. 

The effusion method appears to be the best method for measuring very 
low vapor pressures, and has the added advantage that only a small amount 
of the material is required. 

D. ABSOLUTE MANOMETERS 

It is sometimes convenient to have available a highly sensitive manom¬ 
eter which does not contain a manometric liquid. Quartz spirals and 
glass Bourdon gages are not satisfactory below about 10 p. A different 
principle is involved in manometers in which the force required to lift a 

1H T. H. Swan and E. Mack, Jr., J. Am. Chem. Soc., 47, 2112 (1925). 

184 M. Volmer, Z. physik. Chem., Bodenstein-Festband, 863 (1931). 

186 V. Dietz, J. Am. Chem. Soc., 55, 472 (1933). 

188 A. R. Ubbelohde, Trans. Faraday Soc., 34, 282 (1938). 

187 K. Neumann and E. Volker, Z. physik. Chem., A161, 33 (1932). 

188 E. W. Balson, Trans. Faraday Soc., 43, 54 (1947). 
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lid off a seating, with a high vacuum below and the vapor pressure above, 
is measured. The original application of these “absolute” manom¬ 
eters 170 was to the problem of the determination of the vapor pressures of 
metals. Sometime later, Dietz 171 obtained results by this method on 
crystalline potassium chloride and caesium iodide which were accurate to 
within 3% in the 1 to 20 ^ range. A recent modification by Balson 172 
enabled him to measure the vapor pressure of bromobenzyl cyanide be¬ 
tween 1.5 and 270 n. The maximum sensitivity was 1 /*. The all-glass 
equipment requires careful construction and the reader is referred to the 
article for detail. 


E. MEASUREMENTS BELOW ONE MICRON 

'i'he accurate determination of vapor pressure below 1 n is a difficult 
problem. The methods used by Ilickman, Knudsen, and Menzies, which 
are described above, are most suitable just above this pressure range. 
The use of a sensitive Bodenstein quartz spiral manometer as a null in¬ 
strument is also limited although a very fragile spiral can be made which is 
sensitive to 3 /i. 173 Balson *s effusion method (sec above) is very suc¬ 
cessful down to 0.02 n but has the disadvantage of requiring very careful 
glass working for its success. 

An ingenious method devised by Kapff and Jacobs' 74 enables the slope of 
the vapor pressure-temperature relation to be determined even when the 
vapor pressure at room temperature is of the order of 10 “ 8 mm. (0.00001 n). 
The result can be combined with values by other methods above 1 m to 
give the whole vapor pressure curve over the range. 

'I’he apparatus, illustrated in figure 18, comprises a boiler, a system of 
circular slits for collimation, and a target, all contained in an evacuated 
vessel. Molecules evaporating from the boiler pass through the slit system 
and condense on the target where they appear as a fine dew. This con¬ 
densate evaporates at a rate which depends on the temperature of the tar¬ 
get. In operation the boiler temperature is adjusted until the spot of dew 
neither increases nor decreases in size for several minutes. Readings are 
then taken of the boiler and target temperatures. The balance point may 
be reproduced to about ±1.0° C. The pressure in the apparatus must be 
low enough so that essentially all the molecules leaving the boiler in the 
direction of the exit slit will reach the target. A residual gas pressure 

,M W. H. Rodcbush and C. C. Coons, J. Am. Chem. Soc., 49, 1953 (1927). 

170 W. H. Rodcbush and W. F. Henry, J. Am. Chem. Soc., 52, 3159 (1930). 

171 V. Dietz, J. Chem. Phys., 4, 575 (1936). 

171 E. W. Balson, Trans. Faraday Soc., 43, 48 (1947). 

171 W. E. Vaughan, Rev. Sci. Instruments, 18, 192 (1947). 

174 S. F. Kapff and R. B. Jacobs, Rev. Sci. Instruments, 18, 581 (1947). 
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below 0.1 n is required. This is easily obtained with a suitable diffusion 
pump. 



Fig. 18. Kapff and Jacob’s molecular dew apparatus. 


The vapor pressure ratio, P x /P 2t is obtained from the dimensions of the 
apparatus and the temperatures of the target and boiler: 

Pi 4a* 

p,~v (fj 860 9 (30) 

where T x is the temperature of the boiler in ° K., T 2 the temperature of the 
target, P Xt P 2 arc the corresponding vapor pressures, 0 is the angle which 
the target mirror makes to the plane of the exit slit, 8 is the diameter of the 
exit slit, and a the distance from the boiling liquid surface to the dew spot 
on the mirror. 

The Clausius-Clapcyron equation is valid for these high-boiling com- 
pounds, hence: 

d log P _ _ AH 
d(l/T) 2 Jr 

If we assume that A//, the average value between T x and T 2 given by: 



is constant up to the higher temperature where the vapor pressure is 
known, then: 


logP 


A - 


AH 
2.3 RT 


(32) 
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where A is obtained from the higher temperature data. 

For the apparatus used by Kapff and Jacobs, 0 = 50°, a = 43 to 53 mm., 
8 = 4.08 mm. diameter. In a typical run with butyl phthalate the resid¬ 
ual air pressure was 0.09 a = 43 mm., 7*, = 356.5° K. f 7* 2 = 301.5° K., 
and P\/P% is calculated to be: 

Pi (4)(43) 2 /356.5V* 

P, (4.08)*' \ 301 . 5 / 800 50 “ 75 1 " 

whence: 

_ (35 6.5)(301.5) , ?5 _ 5620 

non p p <» w 


If a value of 10 /x is accepted for the vapor pressure at 81°, 176 then: 

log P (microns) = 16.9 - 5620/7* (33) 

It should be possible to improve this calculation by the use of Watson’s 
method for extrapolating vapor pressures when the Clausius-Clapeyron 
equation is applicable. This method is described below (page 230). 

The critical temperature is estimated to be 840° K. From equation 
(103): 


APo = T c log (Pt/PQ 
2.3 R I 2 - /, 


(34) 


where h is the value of the integral in equation (103) at the temperature 
corresponding to Pi. At 356.5° K., T R = 0.4244, and / 2 = 0.8267 from 
equation (105); similarly at 301.5° K, T R = 0.3589, and h = 0.4703. 
The value of A// 0 /2.3P is then 840 log 752/(0.8267 — 0.4703) = 6780. 
The slope, A///2.3P, at 81° is obtained from equation (102): T R = 0.4214, 
(1 - 7**) 0 - 38 = 0.8123, A7//2.3P - (6780)(0.8123) = 5510, slightly lower 
than in equation (33), but still far higher than Hickman’s value of 4680 
(see page 190). Only further experimental work can resolve this dis¬ 
crepancy. 


6. Micro and Semimicro Methods 

In many cases the methods which have been described for larger samples 
can easily be adapted to semimicro quantities. Thus the isoteniscope re¬ 
quires less than a gram of material, and the methods for very low pressures 
described above require very small amounts. However, special tech¬ 
niques have been designed for the measurement of very small samples. 

176 K. C. D. Hickman, J. C. Hecker, and N. D. Embree, Ind. Eng. Chem., Anal. Ed. 
9, 264 (1937). 
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These include the submerged bulblet method, Garci&’s modification of 
Emich’s boiling-point method, and RosenblunTs adaptation of a boiling- 
point method described by Shriner and Fuson, and are described below. 

The majority of the microchemical techniques for the determination of 
boiling point at atmospheric pressure are fairly readily adapted to measure¬ 
ments at subatmospheric pressures. The methods, which are adequately 
described in the standard texts on microchemistry, include: Emich’s 
capillary bubble method 176-179 which does not require elaborate equipment; 
Schleiermacher’s method 180 * 181 which employs a special massive aluminum 
block for heating the sample which is enclosed over mercury in a particular 
type of boiling point tube; Siwoloboff’s method 182 * 183 of using a capillary 
tube containing another inverted capillary immersed in the liquid; and 
Niederl and Routh’s scheme 183 * 184 of heating the sample, adsorbed on a 
piece of tile, under mercury. 

A semimicro boiling-point apparatus on the Cottrell principle has been 
described by Willard and Crabtree, 185 but it is not suitable for sample 
sizes under 2 ml. The results obtained were accurate to ±0.1° C. 

If a number of vapor pressure determinations have to be made on very 
small amounts of material it is usually much more satisfactory to use one 
of the methods described below rather than attempt to modify the methods 
which were originally designed for measurements at atmospheric pressure. 

A. SUBMERGED BULBLET 

The submerged bulblet method of Smith and Menzies 186 is a simple 
adaptation of their apparatus for determining the boiling point of small 
amounts of liquid or nonfusing solids at atmospheric pressure. 187 The 

178 F. Emich and F. Scheider, Microchemical Laboratory Manual. Wiley, New York, 
1932. 

177 F. Emich, Monatsh., 38, 219 (1917). 

178 A. D. Gettler, J. B. Niederl, and A. A. Bencdctti-Pichler, Mikrochemic, 11, 174 
(1932). 

179 A. A. Bencdctti-Pichler and W. F. Spikes, Introduction to the Microtechnique of 
Inorganic Qualitative Analysis. Microchemical Service, Douglaston, N. Y., 1935. 

180 A. Schleicrmacher, Ber., 24, 944 (1891). 

181 F. Pregl and H. Roth, Quantitative Organic Microanalysis. 3rd English cd., Blakis- 
ton, Philadelphia, 1937, p. 225. 

182 A. Siwoloboff, Ber., 19, 795 (1886). 

“ J A. A - Morton, Laboratory Technique in Organic Chemistry. McGraw-Hill, New 
York, 1938. 

184 J. R. Niederl and I. R. Routh, Mikrochemie, 11, 251 (1932). 

184 M. L. Willard and D. E. Crabtree, Ind. Eng. Chem., Anal. Ed., 8, 79 (1936). 

188 A. Smith and A. W. C. Menzies, J. Am. Chem. Soc., 32, 907 (1910). 

187 A. Smith and A. W. C. Menzies, J. Am. Chem. Soc., 32, 897 (1910). 
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vapor pressure apparatus is shown in figure 19. The L-shaped tube at the 
top leads to a surge tank, manometer, manostat, and connections to the air 
supply and a vacuum line. 

A small glass bulb is prepared with a wide capillary tube 3 to 4 cm. long 
and of at least 1-mm. bore. The capillary is bent close to the bulb and a 
small amount of liquid is introduced. Solids are more conveniently added 
before the tube is bent. The bulb with its contents is then attached by a 
string or asbestos cord to a thermometer with the capillary pointing down 
as shown in the figure. 

In order to obtain the boiling point at atmospheric pressure the ther¬ 
mometer is immersed in a tall beaker filled with a transparent liquid and 
fitted with a glass stirrer as in the conventional melting-point apparatus, 
or with a small mechanical stirrer. The bath is then 
heated and, as the boiling point is approached, is stirred 
vigorously. At first a few bubbles of air are expelled from 
the bulb, and then as the boiling point is reached, a 
steady stream of bubbles emerges. It is important that 
the substance should be substantially insoluble in the 
bath liquid. On removing the flame, the stream of bubbles 
stops sharply as soon as the temperature drops a fraction 
of a degree. The flow of bubbles can be restarted by in¬ 
creasing the temperature to the same level. 

In making a determination the bubbles are allowed to 
pass off until the dissolved air, adsorbed gases, etc., are 
driven off. The temperature is then lowered very slowly 
and the bath is stirred vigorously. The boiling point is 
taken when the stream of bubbles ceases. The barometric 
pressure and the depth below the surface of the liquid of the end of the 
capillary are also noted. 

The whole process is repeated until the readings are constant. The 
thermometer and bulblet are then lifted out of the bath in order to avoid 
contaminating the material with the bath liquid. This procedure is only 
applicable if the substance is insoluble in the bath liquid. 

If the substance is soluble in the bath liquid, the temperature at which 
the bubbles stop is not sharply defined. The temperature reading is then 
taken when the bath liquid has ascended to a predetermined point, 5 to 
10 mm. from the opening. 

The boiling point is not affected by the vapor pressure of the bath liquid. 

The pressure at the end of the capillary is the barometric pressure plus 
the head of the bath liquid. The barometric pressure is reduced to the 
standard conditions of millimeters of mercury at 0° C. (see page 145). 
The head is obtained by multiplying the density of the bath liquid by the 


iik 



Fig. 19.—Sub¬ 
merged bulblet 
vapor pressure 
apparatus. 
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depth from the surface to the end of the capillary and dividing by the den¬ 
sity of mercury at 0° C. (13.596). For most purposes neither the density 
nor the depth need be known with great accuracy. 

Smith and Menzies give tables for the density of several suitable bath 
liquids: 92.75 weight per cent sulfuric acid, paraffin wax (m. p. 53° C.), 
the eutectic mixture of potassium and sodium nitrates (45.5 weight per 
cent NaNOj), and a mixture of these nitrates with lithium nitrate in the 
following proportions: 18.18 weight per cent NaNO,, 54.55 KN0 3 , and 
27.27 LiN0 3 . This mixture melts at 120° C., but damages thermometer 
glass above 250° C. 

The procedure for making vapor pressure determinations below the 
normal boiling point is essentially similar in operation to that described 
above. The thermometer and bulblet are immersed in a test tube contain¬ 
ing the suitable bath liquid which in turn is immersed in a second bath (see 
Fig. 19) containing the same liquid. The well-stirred bath is maintained 
at the desired temperature and the liquid is slowly boiled out of the bulblet, 
as before, but this time by reducing the pressure. The pressure is very 
slightly increased in order to stop the flow of bubbles. This needs quite 
careful manipulation. Smith and Menzies recommend grasping and closing 
a rubber tube at two places with the fingers and admitting a very little air 
at a time. When the stream of bubbles stops (or the bath liquid ascends 
the required distance from the end of the capillary, for the case where the 
substance is somewhat soluble in the bath liquid) the pressure and tempera¬ 
ture are read. After a sufficient number of repetitions, the calculations are 
made as before, allowing for the submerged depth of the bulblet. 

Smith and Menzies used this type of apparatus for measurements over a 
wide temperature range, up to 400° C. Their two papers contain many 
valuable experimental details besides the procedures given above. 

b. rosenblum’s method 

In Rosenblum’s method 188 a drop or two (0.05 to 0.1 ml.) of liquid is 
placed in a side-arm test tube as shown in figure 20. A small, inverted, 
closed-end capillary tube is attached to the thermometer bulb which is 
lowered until the open end of the capillary is below the surface of the liquid. 
The side-arm test tube is sealed to a condenser and is placed in a standard 
Thiele melting point tube bath (the bath in Fig. 21). The apparatus is 
connected to a manometer, surge tank, and manostat, exactly as in the 
submerged bulblet method above. 

The pressure is set on the manostat and the bath liquid is heated up until 
a steady stream of bubbles emerges from the capillary. When the liquid 

188 C. Rosenblum, Ind. Eng. Chem., Anal. Ed., 10, 449 (1938). 
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rising in the cooling capillary is level with the outside liquid the boiling 
point at the pressure of the system has been reached. The pressure and 
temperature should be read at this time. 

Rosenblum states that he modified the method from a normal boiling 
point scheme described by Shriner and Fuson, 189 but it appears to have a 
greater kinship with the micro boiling point method of SiwolobofF. 190 

A somewhat similar method has been described by Hays, Hart, and Gus- 
tavson. 191 




Fig. 21.—Garci&’s 
micromcthod. 


c. gakciA’s micromethod 

The standard capillary bubble method of Emich for determining boiling 
points on a micro scale has not been found to be readily adaptable to de¬ 
terminations under reduced pressures. Garcid 192 has not only improved 
Emich’s original procedure for boiling points at atmospheric pressure but 
has provided a simple adaptation for the determination of vapor pressures 
on samples as small as 2 mm. 3 (0.002 ml.). 

A capillary boiling point tube is prepared by drawing out a piece of 5 to 
7 mm. bore tubing to give a capillary about 7 cm. long and about 1-mm. 
bore. One end of the capillary is sealed and the drop of liquid (2 to 5 

189 R. L. Shriner and R. C. Fuson, The Systematic Identification of Organic Compounds. 
lsted., Wiley, New York, 1935. 

190 A. Siwoloboff, Ber., 19, 795 (1886). 

191 E. E. Hays, F. W. Hart, and R. G. Gustavson, Ind. Eng. Chem., Anal. Ed., 8, 286 
(1936). 

19S C. R. Garcid, Ind. Eng. Chem., Anal. Ed., 15, 648 (1943). 
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mm. 3 ) is introduced into it by means of a capillary tube. The liquid is 
then forced to the bottom by centrifuging. The tube is then placed close 
to a thermometer in a standard Thiele melting point bath, as shown in 
figure 21. 

In operation, the capillary is connected to the usual manometer, surge 
tank, and manostat, and the pressure is adjusted to the desired value. The 
bath is then heated up slowly until, close to the boiling point, a little of the 
material condenses in the cooler part of the capillary tube above the liquid 
level of the bath, forming a droplet, A. Now the bath is allowed to cool 
slowly. The temperature and pressure are read when the droplet reaches 
and starts to descend below the level of the liquid in the bath. Should 
the bath be heated too rapidly two or more droplets may form. In this 
event the capillary tube should be recentrifuged. 

Garci& points out an important fact about his method as follows: 

“The striking difference between the above procedure and that of Emich is that 
no air bubble is left at the bottom of the capillary below the sample; the space 
which exists below the condensed droplet is completely filled with the vapors of the 
pure organic liquid. Theoretically this gives a more accurate relation between 
changes in pressure of the pure vapors and corresponding changes in temperature 
such as occur when the droplet descends as the temperature of the bath is lowered. 
Since the boiling point is related to these effects and Emich’s method does not have 
pure vapor below the droplet, it might be advisable to follow this procedure even 
in the determination of the boiling point at ordinary conditions.” 

For these reasons Emich’s capillary-bubble method was not described 
above. 

D. AUXILIARY OPTICAL SYSTEMS 

The procedures above all employ liquid baths which are easily con¬ 
structed from standard laboratory equipment. They are principally 
limited by the inconvenience of heating liquids to high temperatures. For 
many applications they can be replaced by heating blocks. A convenient 
system using electrically heated copper blocks which are suitably drilled 
has been described and illustrated by Morton and Mahoney. 193 The 
boiling- or melting-point tube is observed by projecting the image on a 
screen using a special optical system. 

IV. VAPOR PRESSURE-TEMPERATURE RELATIONS 

Equations relating the vapor pressure and temperature are principally employed 
for smoothing and interpolating the data. However, they are no less useful for 

“* A. A. Morton and J. F. Mahoney, Ind. Eng. Chem., Anal. Ed., 13, 498 (1941). 
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computing the pressure-temperature coefficient and the heat of vaporization. 194 
The literature on vapor pressure equations is voluminous and a complete discussion 
is not in order. Some of the more useful equations are reviewed below. 


1. Semitheoretical Equations 


Many of the simpler relations are based on the exact Clapeyron equation: 196 


dP/dT - aH/TaV 


(35) 


where T is the absolute temperature, P is the vapor pressure, a// is the heat of 
vaporization per mole, and AV is the change in volume per mole accompanying 
the vaporization, or V g — V„ where V 9 and V, are the molar volumes of the gas 
and liquid phases. This exact relation can also be written in terms of Az = 
PaV/RT:"' 


d\nP AH 

d(\/T) Raz 


(36) 


If the molar volume of the liquid is negligible compared with that of the vapor 
and the vapor is considered to be a perfect gas (t. e., PVJRT — 1), equation (36) 
simplifies to the familiar approximation: 

d In P = _ A// 
d(l/T) R 

which may be integrated on the assumption that A// is constant over the given 
temperature interval to give: 

log P = A - B/T 

= A - B/(l + 273.16) (37) 


where t is in °C., B = AH (cal. per molc)/2.3P and “2.3 R” is 4.57566 cal. per mole- 
degree. 

The three assumptions involved in the derivation of equation (37) may be re¬ 
placed by the single one, that All/ Az is constant. 194 Actually, the error in this 
assumption is very much less than that involved in the other three, since both the 
AH and Az curves have about the same shape when they are plotted against tem¬ 
perature. 

While equation (37) gives an approximate picture of the data, systematic devia¬ 
tions are usually encountered, except for very low boiling compounds. A possible 
solution is to substitute a polynomial in the temperature, T, for the quantity 
AH/ Az on the right-hand side of equation (36). One of the more familiar results 
is the Rankine equation: 

194 G. W. Thomson, Chem. Revs., 38,1 (1946). 

m B. P. E. Clapeyron, J. tcole polytech., 14, No. 23, 153 (1834). 
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I Off P — A — B/T + D log T (38) 

The addition of further terms improves the agreement with experiment'd data 
If a linear temperature term is added, aftd D in equation (38) is taken equal to 1.75 
the Nemst equation results: 

log P = A - B/T + 1.75 log T + ET 

The constants of equations of this type should have reasonable values. An ex¬ 
cellent guide to the interpretation of the magnitude of these constants is found in 
Van Laar’s editorial comments in the vapor pressure sections of Tables Annuelles . m 
Some useful notes have also been presented elsewhere. 1 * 4 


2. Antoine Equation 

Another group of investigators modified the term in l/T in equation (37) instead 
of adding correction terms. The simplest and certainly most successful of these 
equations was developed by Antoine 1 * 7 and has been fully discussed elsewhere. ,M 
For all but the most precise data the Antoine equation: 

log P - A- B/(t + C) (39) 

provides an adequate fit from the triple point to well above the boiling point. The 
divergence becomes noticeable when the reduced temperature (7* = T/T c , where 
Tc is the absolute critical temperature) exceeds about 0.75. A second Antoine 
equation passing through the critical point and contacting the lower range equation 
near T H = 0.75 usually provides an excellent representation of the experimental 
data. 

The value of C in the Antoine equation is usually less than 273 for the low-range 
equations. The following rough rules'" have proved to be of considerable service 
in estimating or checking the value of C: 

Rule 1: For hydrocarbons with n carbon atoms: 

C = 271 - 7.6n (40a) 

Rule 8: For elements with monatomic vapors and also for substances boiline 
below-150° C.: b 


C - 264 — 0.034 t B 
Rule 3: For all other compounds: 

e = 240 - 0.19b, 

where t B is the normal boiling point in ° C. 


(40b) 

(40c) 


191 C. Antoine, Compt. rend., 107, 681, 836, 1143 (1888). 
198 G. W. Thomson, Chem. Revs., 38, 1 (1946). 
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If there is a sufficient number of vapor pressure-temperature points all three 
constants can be easily obtained , m but if the points are few or the data are uncer¬ 
tain, the use of an estimated C from the jough rules above or an average value 
equal to 230 usually is entirely satisfactory. 

An excellent check on the consistency of experimental data is afforded by the 
use of a nomograph as the work is progressing. Various representations of the 
vapor pressure-temperature relation in nomographic form have appeared in the 
literature 199 ~ M3 but for most organic compounds two parallel scales based on the 
logarithm of the pressure and 1 /(* -f 230) are entirely adequate. Figure 22 covers 
the most useful range, 1 to 1000 mm., and 0 to 200° C. The chart is useful in de¬ 
tecting the presence of systematic errors at low pressures, say, below 20 mm. If 
the intersection point is determined by the data at higher pressures, any systematic 
error caused by the presence of inert gas or a manometric difficulty shows up at 
once when the lower pressure data are compared with the extrapolated values based 
on the intersection point. 

Other types of cross checks on the data using the nomograph are considered in 
the section on estimation of vapor pressures from meager data. 

3. Cox Equation 

The only simple and satisfactory relation for representing vapor pressuro- 
temperature data over the entire liquid range, from the triple point to the critical 
point, which has been systematically studied, is Cox's equation: 104 

log P (atm.) = A (l - y) («> 

where log A = log Ac + E(l - Tr)(F - Tr) and T B = absolute boiling point, T « 
absolute temperature, T c = critical temperature, Tr = reduced temperature 
( T/Tc ), Ac = value of A at Tc, F an empirical constant approximately equal to 
0.80 to 0.90, and E an empirical constant characteristic of the compound. Cox 
found that the value of F was close to 0.85 for hydrocarbons. For other classes of 
compounds, F had somewhat different values, but the parabolic relation between 
log A and temperature appeared to be well established for vapors in general. 

The application of this relation to most experimental data is quite simple, al¬ 
though the function is sensitive to experimental errors near the boiling point, near 
the critical point, and near Tr = F. The choice of a good normal boiling point 
facilitates the calculations, since once T B is known, the validity of the parabolic 

199 D. S. Davis, Chemical Engineering Nomographs. 1st ed., McGraw-Hill, New York, 
1944, Chapter XVII. 

100 A. J. V. Underwood, Trans. Inst. Chem. Engrs. London , 10, 112 (1932). 

*» D. H. Killeffer, Ind. Eng. Chem., 30, 477, 565 (1938). 

v>7 r R. Dreisbach, Vapor Pressure-Temperalure Data for Organic Compounds. 2nd 
ed., The Dow Chemical Co., Midland, Mich., 1946. 

»» S. B. Lippincott and M. M. Lyman, Ind. Eng. Chem., 38, 320 (1946). 

»« E. R. Cox, Ind. Eng. Chem., 28, 613 (1936). 
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relation between log A and the temperature can be checked at once without any 
knowledge of the true value of the critical point. 

Proposed vapor pressure equations can be tested by the application of a criterion 
based on this parabolic relation.* 05 If a plot of log A or A, calculated from the 



Fig. 22. Vapor pressure nomograph. 


proposed equation, against temperature has a single minimum located between 

* l 9 ° f t nd 1 .;?° , I then the Vapor P ressure equation gives the proper shape of 
curve near the critical point. This may be termed the Cox criterion. 

*°* G. W. Thomson, Chem. Revs., 38, 1 (1946). 
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4. Modified Antoine Equation 

It is easily shown 206 that the Antoine equation docs not satisfy the Cox criterion, 
but the addition of a linear term giving: 


log P = A +Dt- 


B 

t + C 


(42) 


not only extends the range up to the critical point but also satisfies the Cox crite¬ 
rion. Recent research 206 has shown that this equation is about as good as the Cox 
relation over the entire liquid range. Both have four empirical constants, but equa¬ 
tion (42) is somewhat easier to handle. 

These more complicated equations are disadvantageous in the lack of a direct 
solution for t, given P. Fortunately a rapidly converging iterative method is avail¬ 
able for solving the modified Antoine equation. An approximate value of t is used 
in the linear term, Dt, and the usual solution for t is made, as in the Antoine equa¬ 
tion. Symbolically, if fj is the first approximation, the second is: 




B 

A + Dt i - log P 



(43) 


and so on. For more complicated equations Newton’s method for solving equations 
is most convenient and is applicable to all vapor pressure equations. An example 
of both the iterative method and Newton's method is shown at the end of the sec¬ 
tion on the determination of the value of the empirical constants (page 222). 


5. Calculation of Empirical Constants 

The most useful methods for calculating the empirical constants in vapor pres¬ 
sure equations depend on transforming the data in some way which will give a 
straight-line plot. Suitable techniques will be described below for achieving this 
result for several different types of equations, but first, a consideration of methods 
of fitting a straight line to a group of data is necessary. 


A. THE STRAIGHT LINE 

Four methods are used to fit straight lines to data: the selected point method, 
graphical methods, the method of zero sum, and the method of least squares. 

Selected Point Method.—In the selected point method two good points 
are picked from the set. These are used to determine the slope of the line and 
its intercept. The equation of the line is taken to be: 

Y - A + BX (44) 

If the points are designated 1 and 2, then: 

B = (F* — Y x )/(X t - X,) (45) 

208 G. W. Thomson, unpublished work, 1947. 



V. VAPOR PRESSURE 


209 


This value should be rounded and A determined from both points, for example: 

A = V, — BX x (46) 

and averaged, or rounded. The principal disadvantage of the selected point 
method lies in the neglect of the rest of the data, but it becomes valuable when the 
points can be chosen by a suitable judicious process, such as the graphical method 
described below. 

Graphical Methods and Uncertainty Bands.-— When Y is plotted against X 
a good straight line can be drawn by eye so as to pass averagely among the data. 
The values of the selected points can be taken from this line. This is the most 
popular method of establishing the constants, but it can be greatly improved 
in accuracy by using either a deviation plot, or a related scheme which provides a 
suitable magnification of the differences from a reference line. If an approximate 
value of B = B\ has been obtained, the corresponding value of A (designated A ' 
for convenience) can be calculated for each point: 

A' - Y - B'X (47) 

If the true or “best" values of A and B are simply designated A and B, then: 

A' = A + (B - B')X (48) 

and both A and B can be obtained from a plot of A' against X. 

This method turns out to be very sensitive to errors in the quantities which es¬ 
tablish X and Y . The use of uncertainty bands 3 ® 7 rather than points facilitates the 
use of these plots and provides a means of determining the goodness of fit, in terms 
of the pertinent variables, before the constants of the equation arc obtained. These 
bands are laid off so as to correspond to a reasonable assignment of error in the 
pertinent variables. A further discussion and an example of their use are shown 
below. An application to the Antoine equation has been presented elsewhere. 207 

If an approximate value of A (= A") is taken, rather than B, then values of B, 
designated B ", are computed from each point: 

B* = (Y — A')/X (49) 

If the true or “best" values of the constants are designated A and B, as before, 
then: 

B" = B + (1 /X)(A - A”) (50) 

and the best values of the constants can be obtained from a plot of B " against \/X. 
This is somewhat more tedious than the corresponding method starting with an 
approximate value of B. 

Method of Zero Sum.-In Campbell's 2 ** ** method the X and }’ values are di¬ 
vided into two approximately equal groups, the higher and the lower values. The A” 

207 G. VV. Thomson, Chem. Revs., 38, 1 (1946). 
w N. Campbell, Phil. Mag., 39, 177 (1920). 

200 A. Wald, Ann. Math. Statistics, 11, 284 (1940). 
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and Y values in each group are averaged and the averages are used in cqs. (45) and 
(46) to determine the values of A and B. This method is most useful when a pre¬ 
liminary plot of the data shows that a numl>cr of the points appear to cluster about 
a straight line. These points can then be used and the others ignored. It has the 
disadvantage in that the points are assumed to be of equal weight (i. e., the un¬ 
certainty bands are all of the same width). Suitable weighting factors, leading to 
weighted averages of the two groups can be employed. 

Method of Least Squares.—The method of least squares is seldom required 
since the use of the deviation plot methods described above provides a quicker 
method of obtaining the constants. There is also the added advantage that 
bad points can be disregarded in establishing the best line by the deviation 
plot method. Most of the elementary treatments of least squares procedures 
are oversimplified to such an extent that the reader does not have a clear idea 
of the basis of the methods. 

The best general reference to least squares procedures is Stalislical Adjustment 
of Data by Deming, 2,0 a revision of his earlier treatise, Some Notes on Least Squares. 
The chapter on observation and calculations in Reilly and Rae's Physico-chemical 
Methods 7 " can be highly recommended for its modern consideration of experimental 
errors, small sample statistics, and the method of least squares. 

Before fitting a straight line to a group of data by least squares it is well to con¬ 
sider whether X or Y is free from error or whether both X and Y have random er¬ 
rors, since the procedure to be used depends on this information. Even if one of 
the variables is not entirely free from random errors the errors may be small enough 
compared with those in the other variable, that they can be neglected. The data 
are assumed to be free from accidental, or nonrandom errors. 

The following formula is useful in the presentation of least squares methods and 
in the practical calculations involved: 

Xxy = ZXY — (2X)(2 Y)/n (51) 

where the summations extend over all n values, and x and y are the deviations of 
X and Y from their means, x and y, respectively, or: 

x = X- x = X- (2 X)/n 

y =Y-y=Y- (2 Y)/n 

The calculation of 2 xy, 2z*, and 2 y 7 is easily carried out by the use of an automatic 
calculator for performing the summations of the variables and their squares. 

If X is free from error, and all the points are of equal weight, and: 

Y = A + BX (52) 

is the straight line being fitted by least squares, then the least squares value of B is 

1,0 W. E. Deming, Statistical Adjustment of Data. Wiley, New York, 1943. 

* n J. Reilly and W. N. Rae, Physico-chemical Methods. Van Nostrand, New York, 
1939. 
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B = Zxy/Xx* (53) 

This should be rounded and A obtained by substituting the rounded value of B in: 

A = y- Bx (54) 

Similarly if Y is free from error, 

B = Zy'/Vxy (55) 

The value of A is obtained as before. Both these formulas are simply derived by 
minimizing the sum of the squares of the deviations of the observed values of either 
Y or X from the calculated values. Details are presented for these, and more 
complicated, cases in the standard treatises.* 10 
If both X and Y are subject to random errors, then the best value of B lies some¬ 
where between the results from equations (53) and (55). The exact value requires 
a measure of the precision to which both X and Y (or the pertinent variables on 
which they depend) can be obtained and suitable weighting factors for the points, 210 
but a good, middle value of B can be easily calculated by taking the geometric 
mean of the two results for B as suggested by Dent: 212 

B = vW)/(2**) (56) 


No cross terms are required. A is obtained from equation (54) as usual. 

Willingham, Taylor, Pignocco, and Rossini 213 have published an account of the 
application of least squares techniques to the determination of the constants of 
the Antoine equation. 

It is not usually appreciated that the method of least squares not only provides a 
very satisfactory method of curve fitting which gives reliable values for the empiri¬ 
cal constants regardless of the form in which the equation is handled, but also 
provides a method of adjusting the data to obtain the most probable values of the 
observational points, subject to the conditions which are imposed on the data. 
This process of adjustment may be considered as the determination of the most 
probable values of the residuals (experimental errors) by which the observed values 
differ from the true relation which we are seeking. 

The method also provides a means of measuring the precision of the data, as 
measured by the goodness of fit, and also the precision of the values of the empirical 
constants obtained. Another convenient result is the precision (in terms of standard 
deviation and confidence limits) of the calculated values of either variable. We 
cannot assign a probability interpretation to values of the empirical constants or to 
measures of the variability of the data, if the method of least squares is not used. 

Processes for reducing various empirical vapor pressure equations to linear form 
are now considered following a section giving further detail on uncertainty bands. 
Once the equation has been so reduced, the methods above are employed. 


1,2 B. M. Dent, Proc. Phys. Soc. London, 47, 92 (1935). 

"* ° D B -JDillingham, W. J. Taylor, J. M. Pignocco, and F. D. Rossini, J . Research 
Nall. Bur. Standards, 35, 219 (1945). 
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B. UNCERTAINTY BANDS 

The use of the “uncertainty bands” mentioned above has greatly simplified the 
determination of the best values of the constants in empirical equations.* 14 In 
vapor pressure work the bands are conveniently laid off equal to ±1, 2, or 5 in the 
last significant figure in the reported values of the temperature and pressure. 
Separate values for temperature and pressure can be shown by two colors. Care 
must be taken, when there are several steps in the calculation, that the sign of the 
increment in t or P is not inadvertently reversed. For this reason it is better to 
calculate only the value for, say +0.1 ° C., rather than both ±0.1 ° C., and extend 
the band on the other side of the point rather than calculate the value for—0.1 ° C. 
This method presupposes that the band intervals arc symmetrical, which is usually 
not strictly true. Use of the smaller half represents the more conservative pro¬ 
cedure. 

It should be noted that by the use of these bands no assumption need be made 
as to the nature or uniformity of the errors, whether in t or P or both. If P were 
given free from error, then only uncertainties in t should be considered for the 
bands, and similarly for t free from error. If the errors in P were proportionate 
rather than absolute, equal uncertainty bands should be assigned to log P rather 
than P. Individual weighting factors can also be applied to the points and the 
length of band increased or decreased accordingly. 

C. PRELIMINARY EXAMINATION 

The best methods of handling vapor pressure equations usually involve choosing 
one or two reliable points in the set of data which serve as the basis. A poor choice 
of these points unduly prolongs the calculation. Accidental errors can be detected, 
and the good points picked by a preliminary use of the Antoine equation: 

log P « y = A - B/(l + 230) (57) 

A value of B is obtained from any two points of the data: 

B' = «. + 0)(tt + 0)(yt - y,)/(f* - *,) (58) 

where C is 230, and A' is calculated from each point: 

A' - y + B'/(t + C) (59) 

These values of A' are plotted against y and a smooth curve is drawn through the 
best points. This plot is usually easier to interpret if bands are plotted instead 
of points. The one or two base points required are obtained either by choosing 
actual points of the data by inspection or by taking points on the curve and calcu¬ 
lating the corresponding values of y and t from equation (59). 

D. ANTOINE EQUATION 

Both the methods described below have been more completely described and il¬ 
lustrated before. 215 If C is known or can be estimated, then log P, designated y 

2,4 G. W. Thomson, Chem. Revs., 38, 1 (1946). 

2U Idem. 
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for convenience, and \/{t + C), are linear. If C is not known then there is a choice 
of two methods for determining it. It is easily shown that: 


y - yx A y 

t -t x t x + c t x + c 

(60) 

t - tx m C ( t 

(61) 

y - yx A - y x A - y x 


where t x , t/i is the base point. Either of these equations can be used to establish 
Cand the other constants, since (y — y x )/(t — t x ) is linear in y, and ( t — t x )/(y — y x ) 
is linear in t. The most convenient method for solving the linear equations is by 
the use of the graphical scheme described above. In practice a plot of ( y — y t )/- 
( t - h) against P on semilog paper using uncertainty bands for (y — y x )/(t — fi) cor¬ 
responding to the estimated error in P and t, is usually perfectly adequate. For all 
but the most precise data, C should be rounded to the nearest degree. The values 
of A and B are best obtained by a modification of the scheme for linear equations 
shown above in equations (47) to (50). A preliminary estimate of B is obtained 
in any convenient way, as by the application of equation (45) to any two points of 
the data, with X - \/{t + C) and Y - log P. Let this value be denoted by B'. 
The value of A' is calculated for each point, using the following equation: 

il'-y+ *'/(! + O (62) 

If A and B denote the final values of the constants we are seeking, then: 


A f 



(63) 


or: 

A' = a + 0y (64 ) 

If 0 is the best value of the slope of the straight line obtained when A' is plotted 
against y (or, conveniently, A'vs. P on semilog paper) then B can be obtained from 
the equation: 

B = 5'/(I - 0) (65) 

% 

This value of 5 may be rounded off, and the value of A obtained by substitution 
of the rounded value of B into the relation: 


A = 




( 66 ) 


where y and A are either average values or the coordinates of a suitable point on 
the best straight line. This procedure avoids the systematic errors which sometimes 
occur when only B is rounded. The use of uncertainty bands again facilitates the 
choice of a best line and enables the goodness of fit to be judged before the final 
values of A and B have been obtained. An excellent check on these final values is 
afforded by plotting A' against y using these values of A and B in equation (63). 
Inis line should pass fairly among the bands or points. 
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E. FOUR CONSTANT EQUATION IN T 

The following equation is taken as an example of all similar types which do not 
involve the determination of a constant in the denominator of a fraction, such as 
the C in the Antoine equation: 

log P = y = A - B/T + DT + E log T (67) 

where T = t + 273.16, for t in ° C. If T lt y x is a suitable base point, then: 

Vi = A - B/T x + DTi + E log T t 
Subtracting these two equations: 

V - V = ~ (T ~ T,) + D(T-T,) + E (log T - log T,) 


or: 


y - yx _ ±1 , D , E log T - log T, 
TxT ' T — Tx 


T - Tx 

Introduction of more convenient notation gives: 

w = + D + Eu 

Tx T 


( 68 ) 


where w = (y - yx)/(T - Tx), and u = (log T - log T X )/(T - T x ). Equation 
(68) has one less empirical constant than the original. Another can be eliminated 
by the use of a second base point: 


w — w 2 = 


B T - T t 
TxTi T 


+ E(u - u 2 ) 



w -w, B 1 T - T, ] E 

u — u 2 T x T 2 T u — u 2 

(69) 

or: 

T(w - vh) B E T(u - u 2 ) 

T - T 2 T x T 2 T - T 2 

(70) 


The values of B and E can be obtained from either of these equations by plotting 
either (w — w 2 )/(u — u^) against —(T— T 2 )/T(u — u 2 ) or — T(w — w 2 )/- 
(T — T 2 ) against —T(u — u 2 )/(T — T 2 ). When successive subtractions are in¬ 
volved these plots are usually unintelligible if uncertainty bands are not used. The 
bands will always be much wider near the two base points. 

It is advisable to round E to two or three significant figures and B to four. 

The values of the other two constants are obtained by either substituting back 
in the equations for the base points or by the use of schemes similar to the one de¬ 
scribed above for establishing the best values of A and B in the Antoine equation. 
Thus, if B and E have been suitably rounded, then let: 

Y = y - E log T -f B/T 
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and X = T, then: 


Y = A + DX 


and the best values of A and D are easily obtained by the usual methods. 


F. COX EQUATION 

The determination of the constants in the Cox equation: 

y = log P (atm.) = A ^1 - ( 71 ) 

where log A = log Ac + E(\ — Tr)(F — Tr), which has been described above, is 
greatly facilitated by the choice of a good value for the normal boiling point, T a . 
This and one other good point can be obtained by the use of a preliminary Antoine 
equation with C = 230 (see page 212). Once Tr is established A and log A can be 
calculated for each point and the basic parabolic relation to temperature can be 
checked as follows. 

If the equation is forced to pass through a particular value of the critical point, 
then Ac and log A c are also established. The values of E and F can be obtained 
from the linear relation: 

log A — log Ac = EF_E 

Tc-T T c T* (72) 

by plotting (log A - log A c )/(Tc - T) against temperature. The value of F may 
be safely rounded to two or three significant figures. 

If the critical point is either not known or of doubtful reliability then the ex¬ 
pression for log A is best considered to be a simple parabola in l, or: 

log A « or - 0 t + (73) 

If t x , A x represents a base point from the data then: 


or: 


log A - log A x - - fi(t - /,) + y (ft _ ,J) 


log A - log At 
t ~ h 


-0 + y(t + U) 


(74) 


so that a plot of the left-hand side against temperature (or, t + t x ) is linear. The 
values of & and 7 can be checked for consistency by computing the value of the 
temperature where log A against t has a minimum. This minimum occurs when 
t - (3/2 y , and the corresponding reduced temperature should be close to 0.90 to 
0.95. 


G. MODIFIED ANTOINE EQUATION 
The constants of the modified Antoine equation: 

log P = y = A + Dt - - 


t + C 


(75) 
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cannot be obtained by the technique that was used for the four constant equation 
in T above. The slight modification which obviates the difficulties is described 
below with little comment since the pattern is the same: 


y — V\ = D(t — l,) + 
D 


B l - U 


V “ 2/i 


D + 


h + C l + C 
1 


t - h ' tx + ct + c 

Let (y — y x )/(t — t x ) = w, and subtract from a second base point: 


w 


w — Wi 


t ~ tt 

W — tflj 


D +-— 

lx + C t + C 

-B t - U 

(lx + C)(l t + C)'l + C 

_ «, + Oft + O (( + 0 


(70) 


(77) 


or, in terms of D rather than B : 


luiL . 1±£ (78) 

w — w t D — w t 

The values of B, C, and D are thus easily obtained from the plot of (l — h)/(w — 
w 7 ) against temperature. The value of A is obtained from the base point. 

The modified Antoine equation is recommended when the plot of the usual An¬ 
toine equation test function, w, against P on semilog paper appears to be curved 
rather than linear. 

H. HENGLEIN AND SIMILAR EQUATIONS 

The Henglein 216 equation: 

log P = y = A B/T n (79) 

is about as good a representation of the vapor pressure data as the Antoine equation 
over the same range of temperatures* 17 but the exponent, n, cannot be calculated 
by the techniques that were employed for the equations considered above. The 
following method is based on a well-established, curve-fitting technique 218 * 2,9 for 
exponential equations. 

Two widely separated temperatures, T x and T it are chosen and the value of y at 
the geometric mean, T 2 = (T x Ts)' /l is estimated from a plot or the use of a short- 

2.8 F. A. Henglein, Z. physik. Chem., 98, 1 (1921). 

217 G. W. Thomson, Chem. Revs., 38, 1 (1946). 

218 J. Lipka, Graphical and Mechanical Compulation. 1st ed., Wiley, New York, 1918, 
p. 140. 

2.9 T. It. Running, Empirical Formulas. 1st ed., Wiley, New York, 1917, p. 48. 



V. VAPOR PRESSURE 


217 


range Antoine equation. For the development of a formula for n let x = 1 /“s/t, 
then: 

Vx = A - Bx\ n 
1 J 2 = A — Bx'xi 
yt - yi = Bx?(xi - x$) 

Similarly: • 

y>- yi = Bx?( z? - 2-j) 

Whence: 



which can be easily solved for the exponent, n. 

The values of A and B are readily obtained by the standard procedures for linear 
functions once n has been determined. 


I. EXAMPLES OF CURVE-FITTING TECHNIQUES 

The use of the methods of curve fitting described in the preceding section is now 
illustrated. All the actual steps involved are shown including the preliminary 
examination of the data for abnormal points. Two equations are fitted: an An¬ 
toine equation, typical of the simpler equations, and a modified Antoine equation, 
which is a typical example of a more complicated relation. The measurement 
used were made on isobutylaminc by Simon and Huter.’” The experimental 
values are shown in table VI. 


Table VI 

Preliminary Examination 


-37.48 


— ^ 5 . 

-18.63 

-9.32 

- 0.02 

+12.41 

25.84 
40.71 
49.89 
60.00 
64.87 
68.94 

73.84 


P, mm. 


2.6 

5.5 

11.6 

21.7 

38.5 

76.2 

147.8 

283.2 
406.0 

585.4 

691.4 

791.2 

924.4 


0.4150 

0.7404 

1.0645 

1.3365 

1.5855 

1.8820 

2.1697 

2.4521 

2.6085 

2.7675 

2.8397 

2.8983 

2.9659 


t + 205 


176.70 
186.37 
195.68 
204.98 
217.41 

230.84 

245.71 
254.89 
265.00 
269.87 
273.94 

278.84 


.7902 

.8004 

.7995 

.8006 

.7990 

.8006 

.8027 

.8025 

.8015 

.8009 

.8006 

.7996 


= V + 1069/(1 + 205), based on a 
_ tr,al equation through points 3, 7, and 12. 

Rorlti ^ d r\^T r ' Z i Eleklrochem ’ 31 (1935). Values from Landolt 
Bornstem, PhysikalischrChemische Tabellen, 5th ed., 3rd supplement, p. 2548. 
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A preliminary examination of the data is made in order to detect any very bad 
points which may be caused by accidental errors. For this purpose, the B and C 
of an Antoine equation were estimated from points 3, 7, and 12 to be 1069 and 205 
and values of: 

A' = y + 1069/a + 205) 

were calculated from each point and plotted against y (Fig. 23). Since the data 
are said to be smooth to ±0.5%, except below 10 mm., the uncertainty bands were 



Fig. 23.—Preliminary examination of data. Uncertainty bands shown correspond to 
=*0.5% in the pressure. Solid straight line corresponds to the Antoine equation, equa¬ 
tion (81), and the dotted curve to the modified Antoine equation, equation (82). 


laid off corresponding to this amount, ±0.00217 in y. It is evident from figure 
23 that none of the points, at least above 10 mm., appears to be abnormal. 

An Antoine equation is seen to be perfectly adequate, since the straight line: 

A' = 6.79928 + 0.000561y 

passes through all the bands in a reasonable manner. This equation corresponds 
to: 

y = 6.8031 - 1069.6/ (( + 205) (81) 

Inspection of the plot suggests that the point where the line intersects the 20-mm. 
ordinate would be a satisfactory base point in any further treatment of the data. 
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The corresponding temperature is -10.6° C. Although the Antoine equation 
above is certainly a satisfactory fit, the systematic nature of the deviations above 
100 mra. suggests further study. 

Using the base point established above, values of w = (y - y x )/(t - *,) were 
calculated for each point. These values are known to be approximately linear 
with y, since the data fit an Antoine equation to a good first approximation. A 
guide line was established in order that a second good point could be found. This 
was done by computing: 

e = w + 0.005144y 

for each point, where 0.005144 is the reciprocal of (/, -f 205). This numerical con¬ 
stant is chosen for convenience only, since the ensuing discussion is independent 
of the value taken. The values of e are given in table VII and are plotted in figure 
24. For convenience the uncertainty bands are computed for 0.0020 in y, a little 
less than the 0.5% above. 

The plot of e against y suggests that point 12 is a satisfactory second base point 
for an application of the modified Antoine equation (page 208). The plot of (t - 
«/(* - **> a « ainst 1 ( Fj g- 25 from table VIII) proved to be linear within the un¬ 
certainty of the bands except for the two points below 10 mm. Since the best line, 
estimated by eye, passed very close to points 7 and 11, these two points were used 
in equation (77) to determine B and C. The rounded results were B = 1700, C = 
243. The corresponding value of D was -0.00337 but this may be subject to 
rounding errors. Actually it gives almost the same value of A (8.5802) for the two 
base points and points 7 and 11 . The equation is then: 


log P (mm.) = 8.5802 - 0.00337/ - 


1700 
* + 243 


(82) 


The calculated values of the vapor pressure and the corresponding values of A' 
for companson on figure 23 with the experimental values and the preliminary An¬ 
toine equation, are given in table IX. 

The equation fits the data to within ±0.3 mm., except for two points with devia¬ 
tions of about 0.7 mm. It should be noted that the goodness of fit may be judged 
at each stage of the curve fitting by a simple estimation on the bands. 

The investigators fitted a NernsUype equation to these same data. Their cal- 
cu ated values, shown in table X, prove to be of about the same magnitude as those 
obtained above, but the deviations are somewhat more systematic. 

These same data could be used as an example of fitting the Nernst equation. The 
procedure, which would follow a similar pattern to that used above, has been de- 
scribed in a previous section. The application of the method would show whether 
the traditional 1.75 coefficient of the log T term leads to the best fit. 


J. ITERATIVE METHODS 

the it f, rative “ lution for temperature, which was described above 

from th! ’ hTh! ll ' UStrated ^ the Nation of the boiling point at 100 mm. 
from the modified Antoine equation: 



e • {/-1.3010) /(j t +10.60) + 0.005144/ 
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Table VII 

Choice of a Second Base Point 


waa 

■SOI 

v - Vi 

w 

u> + 

e 

e for u>+ 

l 

-26.88 


iB"T~nw 

0.03289 

0.03509 

0.03502 

2 

-17.70 

- .5606 

.03167 

.03156 

.03547 


3 

-8.03 

- .2345 


.02895 

.03468 

.03443 

4 

+1.28 

+ .0355 

.02773 

'iBEEBSm 

.03460 

.03617 

5 

10.58 

.2845 

.02689 


.03505 

.03524 

6 

23.01 

.5810 

.02525 

.02534 

.03493 

.03502 

7 

36.44 

.8687 

.02384 

.02389 

fitpBTiTTTMW 

.03505 

8 

51.31 

1.1511 

.02243 

.02247 

.03504 

.03508 

9 

60.49 

1.3075 

.02162 

.02165 

IRMI 

.03507 

10 

70.60 

1.4665 

.02077 

m 

.03501 


11 

75.47 

l 1 . r 


.02041 

.03499 

.03501 

12 

79.54 

1.5973 

.02008 

.02011 

.03498 

.03501 

13 

84.44 

1.6649 

.01972 

.01974 

.03498 

.03500 


h = -10.60° f y» => 1.3010 w+ is u> for y + 0.0020 
w = (y — yi)/(t — ti) e = tv + 0.005144y 


0.0352 


0.0351 


00350 


00349 


00348 


00347 


0.0346 



PRESSURE, mm. 

Fig. 24.—Choice of a second base point. The bands correspond 
to *0.5% in the pressure. 
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Table VIII 


Calculation of (t — tj/(w — Wz ) 


No. 

w - 

- u*l 

t - h 

-0 - M/(w - in) 

IT 

«r + 

u> 

w + 

1 

0.01288 

0.01281 

-106.42 

8262 

8308 

2 

.01159 

.01148 

- 97.24 

8390 

8470 

3 

.00912 

.00887 

- 87.57 

9602 

9873 

4 

MMu/i'i.ri 

.00922 

- 78.26 

10230 

8488 

5 

.00681 

.00700 

- 68.96 

10126 

9851 

6 

.00517 

.00526 

- 56.53 

10934 

10747 

7 

.00376 

.00381 

- 43.10 

11463 

11312 

8 

.00235 

.00239 

- 28.23 

12013 

11812 

9 

.00154 

.00157 

- 19.05 

12370 

12134 

10 


.00072 

- 8.94 

12957 

12417 

11 

.00031 

.00033 

- 4.07 

13129 

12333 

12 


mSKLLL'JMzl 

0.00 



13 

-.00036 

-.00034 

4.90 

13611 

14412 



tt - 68.94°, Wz 






Fig. 25.—Determination of constants in modified Antoine 
equation. Bands correspond to *0.5% in the pressure. 
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Table IX 
Calculated Values 


No. 

«. °c. 

Vapor pressure, mm. 

A' 

V 

P. calc. 

P. obs. 

Diff. 

1 

-37.48 

0.4348 

2.7 

2.6 

-0.1 

6.81614 

2 

-28.30 

.7575 

5.7 

5.5 

-0.2 

6.80735 

3 

-18.63 

1.0662 

11.6 

11.6 

0.0 

6.80211 

4 

- 9.32 

1.3367 

21.7 

21.7 

0.0 

6.79971 

5 

- 0.02 

1.5838 

38.4 

38.5 

+0.1 

6.79895 

6 

+ 12.41 

1.8822 

76.2 

76.2 

0.0 

6.79920 

7 

25.84 

2.1697 

147.8 

147.8 

0.0 

6.80057 

8 

40.71 

2.4510 

282.5 

283.2 

+0.7 

6.80164 

9 

49.89 

2.6078 

405.4 

406.0 

+0.6 

6.80181 

10 

60.00 

2.7674 

585.4 

585.4 

0.0 

6.80140 

11 

64.87 


691.5 

691.4 

-0.1 

6.80095 

12 

68.94 

2.8981 

790.9 

791.2 

+0.3 

6.80042 

13 

73.84 


924.4 

924.4 

0.0 

6.79962 


y and P calculated from equation (82). 

A' = y (calc.) + 1069/(£ + 205), see figure 23. 


Table X 


Calculated Values from the Simon-Huter Equation 


No. 

Vapor pressure, mm. 

P, calc. 

P. obs. 

Diff. 

1 


2.6 

-0.1 

2 


5.5 

-0.2 

3 

11.6 

11.6 

0.0 

4 

21.6 

21.7 

+0.1 

5 

38.2 

38.5 

+0.3 

6 

76.1 

76.2 

+0.1 

7 

148.0 

147.8 

-0.2 

8 

283.3 

283.2 

-0.1 

9 

406.3 

406.0 

-0.3 

10 

585.5 

585.4 

-0.1 

11 


691.4 

-1.0 

12 

788.3 

791.2 

+2.9 

13 

919.1 

924.4 

+5.3 


y - log P = 8.5802 - 0.003374 - 1700/(4 + 243) 

The iterative process is: 

(s + 243 = 1700/(8.5802 - 0.003374, - y) 

which is repeated until h = 4,. As a first guess the approximate value of 18° is esti¬ 
mated from equation (81). The steps in the iteration are as follows: 


t 


(i 

8.5802 - 0.00337L - y 

*. + 243 

tt 

18 

6.5195 

260.76 

17.76 

17.76 

6.52035 

260.72 

17.72 

17.72 

6.52048 

260.717 

17.717 
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For this particular type of equation the iterative method gives the fastest solu¬ 
tion, but Newton’s method is of wider applicability. It is fully described in most 
textbooks on college calculus, but for our purpose it suffices to note that: 

M = Ay/(dy/dt) (83) 

where Ay is the error in y caused by the first approximation to l, and A* is the esti¬ 
mate of the corresponding error in t. 


For the given equation: 


y = 8.5802 - 0.00337* - 


1700 
t + 243 


(82) 


dy/dl = -0.00337 + — ■ 

ft + 243)* 

Take h « 18° as before: y, = 2.00613 Ay = -0.00613 

dy/dt * 0.02159 

whence: A* * — 0.00613/0.02159 =» -0.284 


(84) 


and: * = 18 - 0.284 - 17.716° 

This is so close that a second approximation is not needed. 

Newton’s method is particularly useful for calculating t from P using equations 
of the Nernst or Rankine type. 


V. ESTIMATION OF VAPOR PRESSURES 
FROM MEAGER DATA 

Unfortunately the organic chemist cannot always avail himself of the 
accurate vapor pressure methods which lead to good experimental data, 
but must be content with a boiling point at atmospheric pressure or a few 
measurements over a short range at reduced pressure. The purpose of 
this section is to show that it is frequently possible to obtain a reasonable 
estimate of the vapor pressure at other temperatures which will be entirely 

adequate for many purposes, or will at least serve until further experiments 
can be made. 

It must be recalled at this point that the majority of the older boiling- 
point determinations in the literature between 10 and 20 mm. may be in 
error by from 1 to 10°, and boiling points at lower pressures may have very 
large errors indeed. The principal cause lies in the pressure reading (see 
page 179), and as the pressure is decreased to low values the error becomes 
very large unless special vapor pressure methods are used. In the cus¬ 
tomary distillation the indicated pressure is usually too low. But at higher 
temperatures decomposition to gaseous products may set in, so that the 
indicated boiling point is too low. Both circumstances must be continually 
kept m mind when estimating vapor pressures from meager data. 
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1. Cox Chart 

The original Cox chart 221 was obtained by determining an empirical 
temperature scale such that the logarithm of the vapor pressure of water 
would give a straight line when plotted against the temperature scale. 
Cox found that a large number of compounds gave essentially straight 
lines on the chart and that the lines for members of the same family ap¬ 
peared to converge to the same point which was far above the critical points 
of the compounds. Later Calingaert and Davis 222 deduced that the empir¬ 
ical temperature scale was a linear function of l/(t + 230), so that the Cox 
chart was really a representation of the Antoine equation. The fortuitous 
choice of a compound with C equal to 230 in the Antoine equation was most 
opportune, since 230 is a good middle value for many different types of 
compounds. The small inherent deviation from linearity above T R = 
0.75 was masked, both by the higher uncertainty in the experimental data 
near the critical point and by the smallness of the scale divisions at high 
temperatures. Also, the choice of C = 230 instead of a lower value helps 
the goodness of fit near the critical point for many compounds, although 
the lower range suffers accordingly. 

Calingaert and Davis 222 have tabulated the intersection points for a 
considerable number of families. More recently Dreisbach 222 has revised 
and extended their list. The values given in table XI were selected 224 
after a critical evaluation and are believed to be entirely adequate for 
estimation purposes. The source of the individual values is shown in the 
footnotes. 

Example. —The normal boiling point of 1-chlorohexane is 135.2° C. Esti¬ 
mate the boiling point at 50 mm. and its vapor pressure at 100° C. 

The value of B in the Antoine equation is obtained from the relation: 

B = (y, - y)(t; + 230)(t + 230) 

(h + 230) - {t + 230) V ' 

where t = temperature, y = log P (mm.), P = vapor pressure, and the subscript 
I refers to the intersection point. For the example: 

B = (3.3892)(1680)(365.2)/1314.8 = 1582 
The constant A is obtained from the given point and the value of B: 

m E. R. Cox, Ind. Eng. Chem., 15, 592-593 (1923). 

*“ G. Calingaert and D. S. Davis, Ind. Eng. Chem., 17, 1287 (1925). 

tu R. R. Dreisbach, Vapor Pressure-Temperature Data for Organic Compounds. 2nd 
ed., The Dow Chemical Co., Midland, Mich., 1946. 

1,4 Selection by G. W. Thomson and N. Altman, Sept., 1948, after numerous discus¬ 
sions with R. R. Dreisbach and subsequent investigations. 
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A = y + B/{t + 230) (86) 

= 2.8808 + (1582/365.2) = 7.2126 

The required boiling point at 50 mm. and the vapor pressure at 100° C. are easily 
obtained from the Antoine equation: 

log P (mm.) = 7.2126 - 1582/(f + 230) 

which gives 56.9° at 50 mm., and 262.2 mm. at 100°. Unpublished measurements 
at this laboratory over the range 38 to 135° give, on interpolation, 57.0 ± 0.3° at 
50 mm., and 265.2 ±1.0 mm. at 100°. The estimation is thus correct to about 
1.1% in the pressure. 


Table XI 

Cox Chart Family Intersection Points” 4 


Family 


Aliphatic hydrocarbons* 

Halohydrocarbons® (aliphatic and aromatic) 
Aliphatic acids (b.p. < 280)*** 

Alkyl acrylates* 

Aliphatic alcohols (n > 1 )* 

Alkyl primary amines (n > 2)® 

Aliphatic esters* 

Aliphatic and halo ethers' 

Aliphatic and halo ketones' 

Nitroparaffins* 

Cyclopentancs* 

Halo and alkyl naphthalenes® 

Benzenes (C„Hj„_*, C„Hj*.,) (halo and 
alkyl)* 

Halo and alkyl aromatic alcohols* 

Aromatic aldehydes* 

Halo and alkyl amino benzenes* 

Halo and alkyl aromatic ethers* 
Aromatic-aliphatic ketones* 

Nitrobenzenes* 

Halo and alkyl phenols* 

Lead alkyls' 


lOK P,. 

mm. 

(*, + 230). 

•c. 

Family line 
locators® 

u 

V 

6.11 

1470 

10.4 

6.7 

6.27 

1680 

10.8 

6.3 

5.38 

750 

9.4 

12.1 

6.53 

1830 

11.8 

6.4 

8.11 

12380 

15.7 

5.8 

6.10 

1270 

10.8 

7.7 

6.58 

1870 

11.9 

6.4 

6.37 

1540 

11.5 

7.0 

6.25 

1400 

11.2 

7.3 

6.30 

1580 

11.1 

6.7 

6.19 

1680 

10.5 

6.2 

6.00 

1550 

9.8 

6.2 

6.37 

1900 

11.0 

5.9 

7.30 

3530 

13.7 

5.8 

5.18 

830 

7.7 

10.1 

6.58 

1980 

11.8 

6.2 

6.53 

2080 

11.5 

5.9 

4.48 

690 

4.0 

11.8 

6.57 

2250 

11.5 

5.7 

6.91 

2170 

13.0 

6.5 

5.416 

900 

8.7 

9.6 


xuese points enaoie tne lamily lines to be plotted on the nomograph (Fig. 22). 
The first value, u, refers to the small reference scale at the top of the figure, the second 
value, v, to the scale at the bottom of the figure. 

* Calingaert and Davis. 2 ” 

* New work by G. W. Thomson and N. Altman, 1948. 

Unpublished revisions by R. R. Dreisbach, 1948. 

Chemical Q^ eish&ch ^ These values are reprinted with the permission of the Dow 


When the available data are several boiling points at reduced pressure 
and, perhaps, a normal boiling point, it is simple to obtain the normal boil¬ 
ing points corresponding to each of the reduced pressure points and then to 
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compare them with each other and the normal boiling point. If these are 
too discrepant a considerable amount of judgment is required in order to 
choose between the data. Intangibles such as the repute of the experi¬ 
menter, the method of preparing and purifying the compound, and general 
information on the stability of the material must all be taken into account. 
Much of the old work on boiling points at reduced pressure is certainly er¬ 
roneous, as has been discussed above, since such factors as the effect of the 
placement of the manometer and the presence of inert gases were frequently 
neglected. Even the actual identity of the compound is occasionally open 
to question. 

Nomograph.—The Cox chart calculations can be performed graphi¬ 
cally and conveniently using the Antoine equation nomograph (Fig. 22). 
Just as a straight line on the Cox chart corresponds to a point on the 
nomograph, a Cox chart family of lines with the same intersection point 
corresponds to a straight line on the nomograph connecting the coordi¬ 
nates of the intersection point on the pressure and temperature scales. 
The family lines can be quickly located by means of the two small supple¬ 
mentary scales at the upper left and lower right. This was explained in the 
footnote to table XI. Thus the aliphatic hydrocarbon family line can be 
established by the connection of u = 10.4 on the upper scale with v = 6.7 on 
the lower scale. In practice it is best to have a series of nomographs avail¬ 
able, one for each family. 

If the individual experimental points intersect in a common point on the 
nomograph then the data are reasonably consistent. If the intersection 
point of the experimental data falls close to the family line, a considerable 
amount of confidence can be placed in the measurements. If the data do 
not give a sharply defined point on the nomograph, they should be re¬ 
checked. Even a considerable divergence in the value of C from 230 in the 
best Antoine equation through the data will not lead to a marked spread 
in the intersection points of the lines on the nomograph. 

Determination of Intersection Points.—It is not necessary to plot the 
points on an actual Cox chart in order to determine, first, whether a 
group of compounds form a “family,” and, second, the value of the inter¬ 
section point, if they form a family. Since all the lines of a family must 
pass through the intersection point, P/, t r , every compound must have an 
Antoine equation in which the constants satisfy the relation: 

y, = A - B/(t, + 230) (87) 

or: A = yj + B/{t, + 230) (88) 

It follows then that the linearity of a plot of A against B establishes the 
family relation, and that the values of the coordinates of the intersection 
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point can be determined from the slope and intercept of the straight line. 
This is the best method for determining the location of the intersection 
point. As an illustration, the results of its application by the writer to the 
vapor pressures of the lead alkyls were published 225 in 1939. 

The nomograph provides a very convenient but somewhat less accurate 
method of establishing the intersection point of a family. The compound 
points for a family on the nomograph lie on the family line which can be 
located by means of the two auxiliary scales. For the particular chart 
shown, the values of u and v are related to the intersection point by the 


equations: 

u = [(170.31)( y/ - 3)/*] - 10 (89) 

t; = [(I70.31)( y/ + 1 )/q) - 40 (90) 

where: q = 14 + 2.5y 7 - 4945/(t 7 + 230) (91) 

The reverse relations are: 

y, = (3p + u + 130)/(i> - u + 30) (92) 

i t + 230 = 19780(p - u -f 30)/(86 p - 46u -f 255) (93) 


As an example, the very recent data on a number of phenols 226 were 
plotted on the nomograph. The compound points fell very close to the 
straight line determined by u = 8.8 and v = 11.0. From equations (92) 
and (93), these correspond to y r = 5.34, and t, + 230 = 800. The dis¬ 
crepancy between these values and the values in table XI must be resolved 
by further research. 


2. Hass and Newton Method 

The system used by Cragoe 227 in the International Critical Tables for the 
correction of boiling points to normal atmospheric pressure is based on the 
familiar 1/T vapor pressure equation which may be written: 



log (P/760) = * (l - y) 

(94) 

or: 

* ( T _ T J (P/760) 

(95) 


m G. Calingaert, H. A. Beatty, and H. R. Neal, J. Am. Chem. Soc., 61, 2755 (1939). 
K. B. Goldblum, R. W. Martin, and R. B. Young, Ind. Eng. Chem., 39, 1474 
(1947). 

W C * S - Cragoe, in International Critical Tables. Vol. Ill, McGraw-Hill, New York 
1926, p. 246. 
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where P is the vapor pressure in mm. and T B is the normal boiling point, 
in ° K. 4> is said to be proportional to the entropy of vaporization at the 
normal boiling point but is actually proportional to the entropy of vapori¬ 
zation divided by A z, the nonideality factor discussed above (page 204). 
For practical purposes 4> is best considered to be an empirical constant 
characteristic of each compound. Cragoe correlated 4> with normal boiling 
point, t Bt for various groups of compounds. His correlations are shown in 
the next section. 

Although this scheme was moderately successful the use of the l/T equa¬ 
tion precluded a high accuracy for the method even when 4> was accurately 
known. Hass and Newton 228 managed to avoid most of these difficulties 
by adding an empirical term to equation (95) giving: 

* = log (760/P) [jT~ ~ 015 ] (96) 

The pressure is given by: 

( ™' P> - T -0%f- 0 (97 > 

where t and t B are in degrees Centigrade and the temperature by: 


= T fl [<f> 4 0.15 log (760/P)] 
<*> -f- 1.15 log (760/P) 

The normal boiling point is obtained from: 

T log (760/P) 

fl 4> + 0.15 log (760/P) 


(98) 


(99) 


The values of 4> may be obtained either from a chart which is somewhat 
difficult to read, or from the following equations: 


Group Equation 


1 

4» = 4.31 4 0.00200k 

(100a) 

2 

= 4.54 + 0.00206k 

(100b) 

3 

= 4.77 + 0.00213k 

(100c) 

4 

= 5.00 + 0.00218k 

(lOOd) 

5 

= 5.23 4 0.00223k 

(lOOe) 

6 

= 5.45 4 0.00227k 

(lOOf) 

7 

= 5.69 4 0.00230k 

(100g) 

8 

= 5.89 4 0.00231k 

(lOOh) 


H. B. Hass and R. F. Newton, in Handbook of Chemistry and Physics, C. D. Hodg- 
man, editor, 30th ed., Chemical Rubber Pub. Co., Cleveland, p. 1805, 1946. Also in 
earlier editions. 
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Hass and Newton’s grouping of the compounds and their correlations 
for $ as a function of boiling point are virtually identical with Cragoe’s 
values in the International Critical Tables. 

Table XII shows the groups into which the various compounds fall. 


Table XII 

Compound Groups: Cragoe, Hass, and Newton Method 


Compound 


Acetaldehyde 
Acetic acid 
Acetic anhydride 
Acetone 
Acetophenone 
Amines 

n-Amyl alcohol 

Anthracene 

Anthraquinone 

Benzaldehyde 

Benzoic acid 

Bcnzonitrile 

Benzophenone 

Benzyl alcohol 

Butylethylene 

Butyric acid 

Camphor 

m-, p-Chloroanilines 
o-, m-, p-Cresols 
Dibenzyl ketone 
Dimethyl amine 
Dimethyl oxalate 
Esters 
Ethanol 
Ethers 
Ethylamine 
Ethylene glycol 
Ethylene oxide 
Formic acid 
Glycol diacetate 
Halogen derivatives 


Group 


3 

4 
6 

3 

4 
3 
8 
1 
1 
2 

5 
2 
2 
5 
1 

7 
2 

3 

4 
2 
4 
4 

3 

8 
2 

4 
7 
3 

3 

4 

Same group as 
though halo¬ 
gen were H 


Compound 


Heptylic acid 

Hydrocarbons 

Isoamyl alcohol 

Isobutyl alcohol 

Isobutyric acid 

Isocaproic acid 

Methane 

Methanol 

Methyl amine 

Methyl benzoate 

Methyl ether 

Methyl ethyl ether 

Methyl ethyl ketone 

Methyl fluoride 

Methyl formate 

Methyl salicylate 

a,0-NaphthoIs 

Nitrobenzene 

Nitromethane 

o-, m-, p-Nitrotoluenes 

o-. mr, p-Nitrotoluidines 

Phenanthrenc 

Phenol 

Phthalic anhydride 
Propionic acid 
n-Propyl alcohol 
Quinoline 
Sulfides 

Tetranitromethane 
Trichloroethylene 
Valeric acid 
Water 


Group 


7 

2 

7 

8 
6 
7 
1 

7 
5 
3 
3 
3 
2 

3 

4 
2 
3 
3 
3 
2 
2 
1 

5 
2 

5 

8 
2 
2 
3 
1 
7 

6 


Note: The higher members of a series of compounds are usually in the same group 
and. almost without exception, the first (and frequently the second and third) member 
of the series is in a different group. 


As an example of the use of this scheme, the same example that was used 
to illustrate the Cox chart method is worked out below. 

This compound falls in group 2, and $ is readily computed to be 4.81$ by sub¬ 
stituting t B = 135.2 in the proper equation. The boiling point at 50 mm. is ob¬ 
tained from equation (98): 
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/ + 273 16 « (^0^-36) [4.819 + (0.15)(1. 18 184)1 
4.819 + (1.15)(1.18184) 

whence t = 57.1°. This is in excellent agreement with the observed value. The 
vapor pressure at 100° C. is similarly obtained from equation (97): 


log P = 2.88081 - 


(4.819) (35.2) 
373.16 - (0.15) (35.2) 


whence P = 262.9 mm., in good agreement with the experimental value, 265.2 ± 
1.0 mm. 


The reverse problem of obtaining the normal boiling point from a meas¬ 
urement at reduced pressure requires a trial solution for <f> using succes¬ 
sively closer estimates of t B in the linear equations for 4>. Actually only a 
few trials are necessary since «f> is somewhat insensitive to the assumed 
values of /*. 

As an example, the normal boiling point of ethylene bromide is estimated from 
the experimental vapor pressure*” of 14.5 mm. at 30°. The best value of the nor¬ 
mal boiling point is actually close 1 ” to 131.7° but for a first guess the value of 90° 
is assumed in order to show the rapid convergence of the trials. 

For t B = 90°, the equation for group 2 gives <f> = 4.73. The value of t B is esti¬ 
mated from equation (99) to be 134.7°. Using this as the second approximation 
4> = 4.813, giving t B = 132.8°. For the third approximation 4> * 4.809 giving t B - 
132.9°, hardly different from the previous one. The error in this method of approx¬ 
imation is thus 1.2°. 


Lippincott and Lyman 230 have presented what is claimed to be a nomo¬ 
graphic solution for the Hass and Newton method. The two nomographs 
are easily read and cover the temperature ranges, —50 to 150° C., and 50 
to 350° C. The solution is, however, only a close approximation, since the 
basic equation is not amenable to nomographic treatment. The use of 
these nomographs is recommended as a convenient method for estimating 
vapor pressure data. The results should be fairly accurate since the tem¬ 
perature scale is laid out approximately proportional to 1 /(t + 210). 


3. Watson Method 


At low pressures the vapor is essentially an ideal gas and the volume of 
the liquid is negligible compared with the vapor so that the Clausius-CIapey- 
ron equation is valid: 


d log P _ A H 
dT ~ 2.3 RT 2 


( 101 ) 


119 V. Hnizda, unpublished measurements, Ethyl Corporation, Detroit, Michigan. 
990 S. B. Lippincott and M. M. Lyman, Ind. Eng. Chem., 38, 320 (1946). 
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where 2.3ft = 4.57566 cal. per mole-degree. Watson has shown 231 that the 
heat of vaporization of a large number of compounds is related to the tem¬ 
perature by the relation: 

AH = A// 0 (l - T r )°•* (102) 

where T R is the reduced temperature ( T/T c ) and A Ho is a constant, 
characteristic of the substance, obtained by substituting some known value 
of A H in the expression. The Clausius-Clapeyron equation then becomes: 

d log P = _A//o_ (1 - T r )° >* 
dT R 2.3 RT C T\ 


or: 



a//, r*< a - t k )° u 

2.ZRT c Jt r> Tr 


(103) 


This relation has been suggested as a reliable method for extrapolating 
and estimating vapor pressures below about 10 mm., 232 or more practically 
where 1 — Az is less than the allowable fractional error in measuring the 
heat of vaporization, say 0.3%. At these low pressures: 233 


Az = 1 - 0.97 P r /T r 
or: 

Pr = T r ( 1 - Az)/0.97 


Consider n-heptane as an example. The values of 1 - Az are as follows: 


P, mm. 

Pr 

l. *C. 

Tr 

1 - Ax 

760 

0.03704 

98.4 

0.688 

0.052 

100 

.00488 

41.8 

.583 

.0081 

10 

.00049 

-2.1 

.502 

.0009 

1 

.00005 

-33.2 

.444 

.00011 


Since the calorimetric measurement of heat of vaporization is only accurate to 
about ±0.3% (corresponding to 1 — Az = 0.003), the use of equation (103) is 
not limited by the assumptions of the Clausius-Clapeyron equation below about 
25° C., or about 35 mm. vapor pressure. 

In order to use equation (103) for extrapolating low vapor pressures, a 
reliable value of the vapor pressure slope is required at some temperature 
ti, where the Clausius-Clapeyron equation is applicable. Then 

331 K. M. Watson, Ind. Eng. Chem., 35,398 (1943). 

s ” B. W. Garason and K. M. Watson, Nad. Petroleum News, 36, R-259 (May 3, 1944). 

233 G. W. Thomson, Chem. Revs., 38, 1 (1946). 
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AH 
2.3 R 



(104) 


which can be substituted in equations (102) and (103). Gamson and 
Watson 232 give a table of the integral in equation (103) from T R = 0.30 to 
0.60, at intervals of 0.02, including the values at T R = 0.65 and 0.70. 
These can be fitted exactly by the convenient empirical equation : 284 


y '' T R jrp 

03 (1 - = 3.1462 - 0.529T* - 


0.87236 
T r - 0.008 


(105) 


For the rare cases where values of T R less than 0.3 may be encountered, 
parabolic interpolation 236 in table XIII 234 will be entirely satisfactory. 


Table XIII 


Value of (1 - Tr)' ” (1/Ti) dTa 


Tr 

Value 

Tr 

Value 

0.10 



1.4990 

.11 


.21 

1.2808 

.12 

Wi v 

.22 

1.0834 

.13 

4.0186 

.23 


.14 

3.4985 

.24 

.7403 

.15 


.25 

.5904 

.16 


.26 

.4529 

.17 

2.3157 

.27 

.3261 

.18 

2.0199 

.28 

.2091 

.19 

1.7414 

.29 

.1006 

.20 

1.4990 

.30 

.0000 


Illustration.—Mfindel 23 * obtained the following data on n-heptane with a 
specially designed mercury manometer which could be read to 3 p. The data are 
fitted by the Antoine equation to ±3/x or ±0.1° C., whichever has the greater ef¬ 
fect. Watson’s method will be used to determine the vapor pressure at —62.7° 
and at the freezing point, -90.6°, from the value of 715m at -41°. The slope at 
—41° will be calculated from the Antoine equation. The critical temperature is 
taken to be 540.17° K. 


For the Antoine equation in general: 

A// 0 = _ BT* _ 

2.3 RT C T c (t + 0 2 (1 - T r )'-” 

and for this example: 


A// 0 = 1104(232,16) 2 

2.3 RT C (540.17)(176) 2 (0.57021)«“ 


1,4 G. W. Thomson, unpublished work, 1947. 

iU W. J. Taylor, J. Research Nall. Bur. Standards, 35, 151 (1945). 

*“ C. F. Mundel, Z. physik. Chem., 85,435 (1913). 


(106) 
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Table XIV 

Vapor Pressure of ti-Heptane 


/. ° c. 

P.M 

MQodel 

Antoine® 

Diff. 

Watson 6 

Diff. 

-62.7 

96 

94 

-2 

95 

-1 

-58.4 

150 

147 

-3 

148 

-2 

-56.4 

179 

179 


180 

+ 1 

-52.4 

259 

263 

+4 

263 

+4 

-46.7 

440 

441 

+ 1 

439 

-1 

-42.6 

632 

626 

-6 

625 

-7 

-40.1 

763 

769 

+6 

773 

+ 10 


- log P (n) - 9.127 - 1104/(/ + 217). 

6 log P (n) = -0.932 + 4.4527, see below. 


The pressures arc readily obtained by evaluation of the integral by equation (105). 


t 

Tr 

Integral 

Log (/>,//>,) 

Log P 

P. M 

-41.0 

0.4298 



2.8543 

715 

-62.7 

0.3896 



1.9884 

97 

-90.6 

0.3380 



0.5353 

3.4 


The calculated value at -62.7° is in excellent agreement with the experimental 
measurement. The accepted vapor pressure at -2.1 ° is 10 mm» The Antoine 
equation extrapolates to 9.8 mm., and Watson’s method gives 10.3 mm., both good 
checks. 

Since the low-temperature data are available over a considerable temperature 
range, it is possible to establish the value of A// 0 /2.3 RT C from these data, by deter¬ 
mining the slope of the line obtained when log P is plotted against the value of the 
integral, /. The experimental results are as adequately fitted as before by: 

log P{ji) = 4.452/ - 0.932 (107) 

Although the slope is about 1% higher, the calculated values at the freezing point 
(3.2/z) and at —2.1° (10.7 mm.) are essentially the same as were obtained by the 
use of the calculated slope from equation (106). 

It may be noted that the value of the constant C in the Antoine equation corre¬ 
sponding to equation (107) is 242, about halfway between the higher range value 
(217) and the traditional 273. The same relationship holds for Miindel’s data on 
n-hexane and may be more general in scope. 


4. Estimation of Critical Properties 

Critical temperatures and pressures are required for many estimation 
methods, since the basic relations are usually expressed in terms of reduced 
temperature and pressure (T„ and P K ). Usually the critical temperature 

trr F. D. Rossini el al., Nad. Bur. Standards Circ., C461, 123 (1947). 
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can be estimated more accurately than the critical pressure. Our experi¬ 
ence with Antoine equations (see page 205) has shown that an extrapolation 
of the lower range equation, which is valid up to T R = 0.75, to the critical 
temperature is only about 7% lower than the critical pressure. This pro¬ 
vides an excellent check on the estimated critical properties. 

On the other hand, the error in the estimates of the critical pressure and 
temperature may be large enough to vitiate an accurate check on the extra¬ 
polated vapor pressure equation at the critical point. However, the results 
will certainly be adequate for estimating nonideality terms in the calcula¬ 
tion of the heat of vaporization (page 240), for the extrapolation of vapor 
pressures to low temperatures by Watson’s method (page 230), and for 
similar purposes. 

There are numerous methods in the literature for estimating critical 
properties from structure and physical properties such as boiling point, 
density, etc. The two most useful treatments are by Meissner and Red¬ 
ding 238 and Herzog.* 39 Both cover the same ground but use somewhat dif¬ 
ferent methods, so that they serve as a check on each other. For nonpolar 
compounds Watson’s method 240 is most accurate for critical temperature, 
although it is somewhat less easy to use than the other two and applies 
only to nonpolar or slightly polar compounds. Gamson and Watson 241 
have presented a method for estimating the critical pressure, but this is of 
somewhat limited scope. 

A. MEISSNER AND REDDING’S CORRELATIONS 

In the correlation method suggested by Meissner and Redding, the 
critical volume is estimated from the structure using the parachor, and the 
critical temperature is estimated from the boiling point. The critical 
pressure is then estimated from the critical volume and critical tempera¬ 
ture. 

Critical Volume. —For all compounds the critical volume is considered 
to be a unique function of an additive property called the parachor which 
is discussed in Chapter IX. For this particular application it suffices 
to note that the parachor for any organic compound can be calculated from 
the structure with sufficient accuracy, by adding up the appropriate con¬ 
tributions associated with the atoms involved and their arrangement. 
Meissner and Redding use Sugden’s table of atomic and structural para- 
chors which is given on page 416. 

’** H. P. Meissner and E. M. Redding, Ind. Eng. Chem., 34, 521 (1942). 

**• R. Herzog, Ind. Eng. Chem., 36, 997 (1944). 

340 K. M. Watson, Ind. Eng. Chem., 23, 360 (1931). 

341 B. W. Gamson and K. M. Watson, Nall. Petroleum News, 36, R-259 (May 3, 1944). 
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Their relation between critical volume and parachor is: 

V c = (0.377 [P] + 11.0) 1 -* (108) 

where V c is the critical volume, cubic centimeters per mole, and [P] is the 

parachor. 

Critical Temperature.—The critical temperatures, T c (°K.) can be 
computed from the normal boiling point, t B ,(° C). 

For all elements and also compounds boiling below —38° C.: 


T c = 1.701, + 462.4 (109) 

The remaining equations apply to compounds boiling above —38° C. 
For compounds containing halogen or sulfur: 

T c = 1.411, + 451.2 - llnjr (110) 

where n r is the number of fluorine atoms in the molecule. 

For aromatics and naphthenes (halogen- and sulfur-free): 

Tc = 1.41/, + 451.2 - r(0.383f a + 11.6) (111) 

where r is the ratio of the noncyclic carbon atoms to the total number of 
carbon atoms in the compound. 

For all other compounds, r = 1 in equation (111): 

T c = 1.027/, + 439.6 (112) 


This equation should be used for all organic compounds which are not aro¬ 
matic or naphthenic, and which do not contain halogen or sulfur or boil 
below —38° C. 

The accuracy of these relations is usually better than ±5% in T c . 
Critical Pressure.— Their correlation for critical pressure is: 

Pc « 20.8 T c /y c - 8) (113) 

where Pc is in atmospheres, Tc in ° K., and V c in cubic centimeters per 
mole. The accuracy of this relation is usually better than ±10% for 
most nonpolar or slightly polar compounds. The relation is not considered 
to be very reliable for polar or associated substances where errors of as 
much as 20% may occur. 

b. herzog’s correlation 

The work of Herzog*” differs in several important respects from that of 
Meissner and Redding. In many ways it is an extension of the earlier 
research but the correlation methods used are all different in form so that 
an excellent double check is afforded. They are also somewhat less easy 
to use, but the accuracy of prediction is somewhat improved. 

. Herzog was apparently under the impression that Meissner and Red- 
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ding’s work was based only on data for hydrocarbons. This is clearly er¬ 
roneous since they considered “over one hundred substances which differed 
as widely as possible in molecular weight, polarity, and structure." In 
other words, both Herzog and Meissner and Redding used almost the same 
basic data, with the exception of the few additional measurements which 
were made between 1942 and 1944. 

Parachor.—Herzog prefers the parachor correlation of Mumford and 
Phillips, 242 which he summarizes in a table which has been reproduced as 
table XIV in Chapter IX. This gives somewhat more accurate results than 
the older values of Sugden, which were used by Meissner and Redding. 

Critical Temperature.—The correlations for critical temperature are 
given in the form: 

Tc/T b = a - 6 log [P] (114) 

where T c and T„ are the critical temperature and the boiling point, in ° K., 
and [P] is the parachor. The values of a and b are as follows: 

Saturated and unsaturated hydrocarbons, acyclic and unsubstituted: a =» 
2.501, b — 0.4176. Accurate to 2.2%. 

Aromatic and cyclic hydrocarbons, including substituted derivatives: a = 2.640, 
b = 0.4634. Accurate to 5.4%. 

Substituted aliphatics containing halogen or sulfur: a = 2.602, b = 0.4449. 
Accurate to 4.7%. 

Aliphatic esters, ethers, acetals, oxides, all fluorinatcd methanes and fluorinated 
ethanes with one or two fluorine atoms per molecule: a = 2.544, 6 = 0.4429. 
Accurate to 2.5%. 

Aliphatic ketones, aldehydes, carboxylic acids, and nitrogen compounds: a = 
2.301, b = 0.3548. Accurate to 4.4%. 

Aliphatic alcohols and anhydrides: a = 1.783, b = 0.1479. Accurate to 2.3%. 

In the case of compounds which fall in two or more groups, the calcu¬ 
lated values of T c should be averaged. The accuracy limits shown indi¬ 
cate the accuracy to be expected in 95% of the cases. 

Critical Pressure.—The equations suggested for estimating the critical 
pressure are of similar form to those above for critical temperature: 

log P c (atm.) = a' — b' log [P] (115) 

Saturated and unsaturated hydrocarbons, acyclic and unsubstituted, excluding 
methane: a' = 3.0477, b' = 0.6528. Accurate to 9 per cent. 

Aromatics and cyclics, excluding biphenyls and condensed ring systems: a' = 
3.8584, b' = 0.9215. Accurate to 26%. 

Aliphatic amines, esters, halogen and sulfur compounds (excluding CH*F and 
CS 2 ): a ' = 3.4271, b' = 0.7829. Accurate to 18%. 

ut S. A. Mumford and J. W. C. Phillips, J. Chem. Soc. t 1928, 155; 1929, 2112; Ber., 
B63, 1818 (1930). 
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Aliphatic acids, alcohols, and anhydrides: a' - 2.9929, b' = 0.5718. Accurate 
to 9%. 

Aliphatic ethers and ketones: o' = 3.3777, 6' = 0.7810. Accurate to 6%. 
Aliphatic nitriles and hydrogen cyanide: a' = 2.6387, b' = 0.4627. Accurate 
to 1.4%. 

Critical Volume.—Herzog proposed two different ways of estimating 
the critical volume, V c : 

V c = e{P]/ft» (116) 

and: V c = *[/»]•■ '/1* 0 * 

or: 

log V c « log k + 1.2 log [P] - 0.3 log T c (117) 

Equation (116) was found to be reliable to 5 to 8%, using three groupings 
of the compounds, but unfortunately good experimental measurements for 
the critical pressure are much rarer than for the temperature, and the esti¬ 
mation is less reliable. For this reason only his other equation is consid¬ 
ered. The compounds are divided into only two groups: 

Compounds having the functional groups, —CO, —CN, —COOH, and —OH, 
and one to three additional nonfunctional carbon atoms: k = 3.34 or log k = 
0.524. Accurate to 10%. 

All other compounds: k - 2.92 or log k - 0.465. Accurate to 7%. 

A simpler, but less accurate, relation based on an equation proposed by 
Sugden is also presented: 

V c = 1.4471P] - 20.1 (118) 

which is accurate to 18%. 

As a cross check on the estimated values the following equation is useful, 
since it is also accurate to about 18%: 

PcVc/T c = 21.75 (119) 

If accurate data are available for some of the members of a homologous 
series the values for the other members may be interpolated using equations 
(114), (115), and (117). 

c. watson’s methods 

Critical Temperature.—The most accurate method for predicting the 
critical temperature of nonpolar liquids was given by Watson 243 in 1931. 

141 K. M. Watson, Ind. Eng. Chem., 23, 360 (1931), 
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The basic equation is: 

TJT C = 0.283(120) 

where V B is the molecular volume of the liquid, cc. per mole, at the nor¬ 
mal boiling point, T c the critical temperature, ° K., and T e the saturation 
temperature corresponding to a saturated vapor concentration of 1 gram- 
mole in 22.414 liters. Actually, T t was found to be related to the normal 
boiling point by a unique functional relationship. 

Watson correlated the temperature T e with the normal boiling point, 
T a , as follows: 

In T. = -4.2 + 9.ST t /T B (121) 

This equation requires a trial or graphical solution for T t . The following 
parabolic expression 244 is as accurate for boiling points between — 100° 
and 4-600° C.: 

T, = 273.5 + 1.123*, + 0.000125& (122) 

where t B is in ° C., and T t is in ° K. 

The principal drawback to the use of this relation is the problem of esti¬ 
mating the density of the liquid at the normal boiling point. It is possible 
to use an iterative method with Watson’s expansion factor method for esti¬ 
mating liquid densities which is described in detail below (page 248). 
This procedure is best illustrated with an example. 

Suppose we require the critical temperature of n-heptane, given the density, 
d 1 4 ° = 0.68368, and the normal boiling point, t B = 98.428° C. The experimental 
critical point is 540.17° K. 

For an initial approximation to Tc, the Meissner and Redding method is useful. 
Equation (112) gives Tc = 540.7° K. This is too close to the actual value for an 
adequate illustration of the iterative process. The first approximation is therefore 
taken equal to 520° K. For this value, Tr = 0.564. P R is taken equal to zero in 
equation (135), which gives Watson’s expansion factor, o>, equal to 0.1273, at this 
reduced temperature. Hence: 

Via>i = (100.198/0.68368) (0.1273) = 18.657 
At the normal boiling point, Tr = 0.715, and a* = 0.1128. Hence: 

vt = (t»i «i)/«* = 18.657/0.1128 = 165.4 
which is the estimated value of V B . 

Going back to Watson’s method for critical temperature, T 0 is calculated from 
equation (122) to be 385° K. Then: 

* 44 G. W. Thomson, unpublished work , 1947. 
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Tc = 385/(0.283)(165.4)» « = 542° K. 

This is very close to the experimental value, even though the first value of Tc was 
taken 21° too low. The value calculated using the experimental value of Vu = 
163.22 cubic centimeters per mole (see page 250) is 544° K., a little further away 
from the experimental value. 

The extremely rapid convergence of this scheme suggests its routine use 
in the estimation of the critical temperature of nonpolar compounds where 
a liquid density is available. 

Critical Pressure.—In a later research with Gamson, Watson 246 found 
that the critical pressure of an organic compound could be related to the 
critical pressure of the normal paraffin containing the same number of 
carbon atoms by the formula: 

Pc = P'c+ A P/(nc -f C) (123) 

where Pc is the critical pressure of a compound containing ric carbon atoms, 
P' c is the critical pressure of the corresponding normal paraffin, and A P and 
C are characteristic constants of the homologous series given below. 


Table XV 

Watson's Critical Pressure Constants 


Scrie* 

A/*, atm. 

C 

Acids 

20 0 

0 

Alcohols 

32.6 

0 

Aldehydes 

17.0 

0 

Primary amines 

4.7 

-1.3 

Secondary amines 

5.4 

0 

Monocyclic aromatics 

56.5 

-3.0 

Esters 

4.1 

-1.6 

Ethers 

0 

0 

Monohalogenaled paraffins 

3.2 

-1.0 

Ketones 

12.2 

0 

Naphthenes 

66.0 

0 

Nitriles 


0 

Mono-olefins 

4.3 

0 

Phenols 

92.5 

-3.0 


The critical constants of the normal paraffins listed in table XVI are con¬ 
sidered to be a best set for methane to octane and a logical extrapolation 
for the higher members. The values for methane are from Pickering’s 
evaluation of the experimental data, the values for ethane are from the 

245 B. W. Gamson and K. M. Watson, Sail. Petroleum News , 36, R-259 (1944). 
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measurements of Beattie, Su, and Simard , 246 the values for propane to oc¬ 
tane were taken from the critical correlation of Cox , 247 and the remainder 
were calculated using his methods. Extra figures beyond those significant 
are shown in order to facilitate the use of the values for estimation pur¬ 
poses. 


Table XVI 

Critical Constants of Normal Paraffins Smoothed and Extrapolated 

by THE Cox Method 


n 

Tc . • K. 

Pc . »tm. 

n 

Tc . • K. 

Pc . atm. 

1 

190.6 

45.8 

16 

724.55 

15.19 

2 

305.43 

48.20 

17 

738.47 

14.51 

3 

373.27 

43.77 

18 

751.60 

13.90 

4 

426.34 

37.51 

19 

764.05 

13.33 

5 

470.24 

33.02 

20 

775.88 

12.81 

6 

507.64 

29.60 

21 

787.17 

12.33 

7 

540.20 

26.89 

22 

797.94 

11.88 

8 

569.00 

24.68 

23 

808.26 

11.47 

9 

594.81 

22.83 

24 

818.14 

11.08 

10 

618.17 

21.27 

25 

827.64 

10.73 

11 

639.48 

19.91 

30 

870.32 

9.23 

12 

659.08 

18.73 




13 

677.20 * 

17.69 

35 

906.81 

8 10 

14 

694.04 

16.77 




15 

709.78 

15.94 

40 

938.85 

7.21 


As an example of this method of calculating critical pressures consider n-propyl 
chloride. The experimental value is 45.18 atm. 24 ® The calculated value from equa¬ 
tion (123) is: 

Pc = 43.77 + 3.2/(3 - 1.0) - 45.4 atm. 
which is 0.5% high, a very satisfactory agreement. 

In general Gamson and Watson consider that this method is somewhat 
more reliable than that of Meissner and Redding, although it should be 
kept in mind that the constants of table XV have only been established 
from the first few members of the series. 


D. EXAMPLE 

The complete estimation of the critical properties of a typical organic 
compound is illustrated. 

n-Propyl acetate is chosen as an example, and all the necessary calculations are 
shown. The following data are known : 249 

249 J. A. Beattie, G.-J. Su, and G. L. Simard, J. Am. Chem. Soc., 61, 924 (1939). 

247 E. R. Cox, Ind. Eng. Chem., 28, 613 (1936). 

249 A. Berthoud, J. chim. phys., 15, 3 (1917). 

249 S. Young, Sci. Proc. Roy. Dublin Soc., 12, 374 (1910). 
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Formula: CH 3 COOCH 2 CH 2 CH 3 


Molecular weight: 
Normal boiling point: 
Density: 

Critical temperature: 
Critical pressure: 
Critical volume: 


102.13 
101.59° C. 
dj° = 0.8884 
549.4° K. 

33.19 atm. 

345.4 cc. per mole 


Parachor.— The parachor is calculated from the Sugden constants in table 
XIII of Chapter IX: 


5C = 5 X 4.8 - 24.0 
10H = 10 X 17.1 - 171.0 
20 - 2 X 20.0 = 40.0 
Double bond = 23.2 
Esters = -3.2 


IP) - 255.0 

The corresponding calculation by Mumford and Phillips constants follows: 

5C - 5 X 9.2 - 46.0 
10H = 10 X 15.4 - 154.0 
20 - 2 X 20.0 - 40.0 
Double bond = 19.0 
Esters-strain factor = —3.0 

IP) — 256.0 

The two experimental values given by Sugden’* are 255.0 and 257.1. The ap¬ 
propriate calculated value of the parachor will be used with the estimation method 
under consideration. 

Meissner and Redding.—The critical volume is estimated from Meissner 
and Redding’s correlation to be: 

V c = [(0.377) (255.0) + 11.0)»« = 344.7 

This is in excellent accord with the experimental result; it is only 0.2% too low. 
The critical temperature is estimated-from equation (112) to be: 

T c = (1.027)001.59) + 439.6 = 543.9° K. 

This is 1.0% low. 

The critical pressure estimate from equation (113) is: 

Pc = (20.8)(543.9)/(344.7 - 8) = 33.6 atm. 

This is 1.2% high. 

*° 8 - Sugden, J. Chem. Soc., 125, 1177 (1924). 
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Herzog.—The critical temperature is estimated by Herzog's method using 
equation (114), with [/>] = 256.0, the Mumford and Phillips value, and T„ = 
374.75° K.: 

T c = (374.75)(2.544 - 0.4420 log 256.0) 

= 553.7° K. 

This is 0.8% high. 

The critical pressure is similarly estimated using equation (115): 

log P c = 3.4271 - 0.7829 log 256.0 
whence P c = 34.8 atm. This is 4.9% high. 

The critical volume is obtained from equation (117) with k = 2.92. 

log V c = 0.465 + 1.2 log 256.0 - 0.3 log 553.7 
whence V c = 341 cc. per mole. This is 1.3% too low. 

Watson.—The iterative method for estimating the density at the boiling point 
and the critical temperature for a nonpolar or slightly polar liquid has already been 
described. It would not be expected to give very good results for an acetate. 

The iteration is started with T c = 544° K. The density is given at 20° C., which 
corresponds to T R = 0.539, andw = 0.1295: 

t>i«i = (102.13/0.8884)(0.1295) = 14.89 

At the normal boiling point, T R = 0.689, and w - 0.1166: 

V B - 14.89/0.1166 = 127.7 

The value of T t is 389.1° K. from equation (122). The next approximation to 
T c is then: 

389.1/(0.283)(127.7) 01 « 

which is equal to 574° K. 

Starting over again with this value of T Cl V B is estimated to be 126.7, and the 
next approximation to T c is 575.1° K., hardly different from the previous approxi¬ 
mation. This result is 4.7% high. 

This error is not caused by the 1.5% inaccuracy in V Bt since the use of the experi¬ 
mental value (128.68) leads to T c = 573.5° K., hardly different from before. The 
error is more probably associated with the polarity of the compound. 

The critical pressure estimation is not as.much subject to these limitations since 
Gamson and Watson specifically considered the esters in their studies. The esti¬ 
mate is: 

P c = 33.02 + 4.1/(5 - 1.6) = 34.2 atm. 
which is 3% high, an appreciably better figure. 

5. Comparison with Reference Compounds 

Comparison of a large number of vapor pressure-temperature curves 
shows that they all have about the same shape. This similarity is con- 
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firmed by various methods of plotting the vapor pressure of compounds 
against each other since it is possible to get straight-line relationships over 
very wide temperature ranges. These methods are of particular value for 
extending meager experimental data. 

In DuhringV 51,252 method, the temperature of the compound under 
study is plotted against the temperature of a reference compound at 
which both have the same vapor pressure. On the other hand, the basis 
of the Cox chart (see page 224) is a linear plot of the logarit hm of the vapor 
pressure of the compound against that of water at the same temperature. 
Gordon 253 and Othmer 254 suggest that better results can be obtained by 
taking the same reduced temperatures for both compounds. The most use¬ 
ful of these schemes was developed by Seglin, 255 who found that the best 
comparison was afforded by comparing the two compounds at the same 
reduced vapor pressures. The corresponding reduced temperatures are 
then related as follows: 



where A H and A H' are the heats of vaporization of the compound and 
the reference compound at T and T' ° K., respectively. The quantity 
TcAZ/yTcA//, which was found to be constant over a wide temperature 
range, can be evaluated from a single point or, better, by averaging several 
values which are fairly well separated over the temperature range. 

Suitable reference compounds are water and n-pentane. For the former, 
the Keenan-Keyes steam tables 255 are the most convenient. The critical 
temperature is 1165.09° It., where 0° F. = 459.69° R., and the critical 
pressure is 3206.16 pounds per square inch absolute. For n-pentane the 
following equation is suggested: 


log P (mm.) = 5.9869 + 0.001564* - 762.4/(* + 205) 

which is valid from -50° C. (P* = 0.00039) to the critical point, 470.3° K., 
and 25100 mm. 

Example. Seglin's examples will be recalculated using n-pentane as the refer¬ 
ence substance. This is a somewhat more stringent test than his use of water. 


151 U - Duhring, Neue GrundgeseUe zur rationelle Physik u.nd Chemie. Leipzig, 1878. 

« 2 E. J. Roehl, Ind. Eng. Chem., 30, 1320 (1938). This paper contains an extensive 
bibliography on applications of Diihring’s rule. 

153 D. H. Gordon, Ind. Eng. Chem., 35, 851 (1943). 
u< D. F. Othmer, Ind. Eng. Chem., 34, 1072 (1942). 

244 L. Seglin, Ind. Eng. Chem., 38, 402 (1946). 

146 J. H. Keenan and F. G. Keyes, Thermodynamic Properties of Steam. 1st ed. Wiley, 
New York, 1936. 
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The boiling point of ammonia at 107.6 pounds per square inch absolute is required, 
given that the vapor pressure at -60° F. is 5.55 pounds per square inch absolute 
and the critical point is at 731.2° F., and 1650 pounds per square inch absolute. 
It should be particularly noted that there is no necessity for the temperature and 
pressure units of the two compounds to be alike. The use of reduced properties 
obviates this difficulty. In the following section pounds per square inch absolute 
has been abbreviated to “lb.” At -60° F., 5.55 lb.: 

P R = 5.55/1650 = 0.003364 
1/7* = 731.2/399.7 = 1.8294 

The n-pentane pressure for this P R is 84.44 mm., which corresponds to a temperature 
“-16.06° C., or 1/7* = 470.3/257.1 = 1.8292. The agreement with the value of 
1/T* is coincidental. The constant of equation (124) is then evaluated: 

Tc*H' _ 1 /T r - 1 _ 0.8294 
r c tJi 1/7; - 1 0.8292 " 1,UUUZ 

Although this result is negligibly close to unity it will be used as it stands for the 
sake of the illustration. The fundamental relation is: 

1/7* - 1 = 1.0002 (1/7; - 1) 
which is assumed to hold over the entire liquid range. 

At an ammonia pressure of 107.6 lb., the reduced pressure is 0.06521. For this 
same reduced pressure the n-pentane pressure is 1636.8 mm., and the temperature 
is 60.83° C., so that 1/7* = 1.4081. The corresponding ammonia temperature 
is then readily calculated: 

1/7* - 1 = (1.0002) (0.4081) - 0.4082 

whence 7 = 731.2/1.4082 - 519.2° R. This is 0.1% lower than the observed 
value, 519.7° R., or 60° F. Seglin’s calculation with water as the reference sub¬ 
stance gave a result which was 0.1% higher. 

With reliable values of the critical constants and a vapor pressure at one tem¬ 
perature, the absolute saturation temperatures can be calculated by Seglin’s 
method to within ±0.5%, and the vapor pressures to ±4% over the whole liquid 
range.* 67 • 

When more than one point is available greater accuracy can be obtained by 
averaging values of the ratio: (1/7* - l)/(l/7* - 1), or by graphically selecting 
a best value from a plot of the ratio against pressure or temperature using uncer¬ 
tainty bands. 


6. Sources of Vapor Pressure Data 

The vapor pressure of related compounds is frequently of value in the 
estimation of vapor pressures. These data are also useful when more ex¬ 
tended measurements have been made since the constants of empirical 

m L. Seglin, Ind. Eng. Chem., 38, 402 (1946). 
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vapor pressure equations vary systematically in homologous series. These 
comparisons are facilitated by the availability of several collections of 
vapor pressure data. 

The Tabcllen 2M give the investigator’s original experimental data with 
the derived empirical equation if it has been obtained. Although the 
values shown are not critically discussed, they have been carefully selected 
from the literature. A separate table lists references to results which were 
not presented. 

The International Critical Tables™ presents its vapor pressure data in 
several separate tables, all of which should be consulted. The values have 
been critically evaluated and smoothed, but the results are frequently not 
satisfactory. The wide occurrence of the simplified vapor pressure equa¬ 
tion, which is written in the form: 

log P = -0.05223 A/T + B 

where T = ° C. + 273.1, is in itself a demonstration of the inferiority of 
the compilation since the use of this equation for most organic compounds 
leads to a pronounced systematic error. 

The new looseleaf Annual Tables 260 present the data in a similar form to 
the Tabellen and should prove a most valuable reference to the newer 
vapor pressure literature. These tables arc a continuation of the series of 
Tables Annuelles 261 which were published in Paris between 1912 and 1937, 
and which are enhanced by the critical spirit in which the data are pre¬ 
sented. The cogent remarks of Van Laar in Volumes IV to X are of par¬ 
ticular value. 

Data on a large number of compounds have been collated by Stull 262 and 
interpolated by means of a Cox chart. The boiling points are given at the 
following pressures: 1, 5, 10, 20, 40, 50, 100, 200, 400, and 7G0 mm., and 
for a much smaller number of compounds at: 1, 2, 5, 10, 20, 30, 40, 50, 60 
atm. and at the critical point. Over 1200 organic compounds are listed. 
The critical investigator is advised to resmooth these values using an An¬ 
toine equation with C = 230, since numerous systematic deviations have 
been noted in the tables. As they stand, however, the results appear to be 
smooth to better than ±1.0° C., as stated by the author. 

*“ Landolt-BornsteiD, Physikalisch-Chemische Tabtllen. W. A. Roth and K. Scheel, 
editors, 5th ed., Springer, Berlin; main volumes, 1923, pp. 1353-78; 1st suppl., 1927 
pp. 729-743; 2d suppl., 1931, pp. 1302-1311; 3d suppl., 1935, pp. 2450-2463. 
'"International Critical Tables. Vol. III. McGraw-Hill, New York, 1926. 

**° Annu<d TabU * °f Physical Constants and Numerical Data. N. Thon, editor, Frick 
Chemical Laboratory, Princeton, N. J., 1941, sections 510, 513, and 514. 

Ul Tahles Annuelles Internationales des Constantes el Donnies Numerique. Gauthier- 
Villars, Paris, Vol. I, 1912, to Vol. XI, 1937. See reference 196. 
w D. R. Stull, Ind. Eng. Chem., 39, 517 (1947). 



246 


G. W. T H O M SON 


The vapor pressures of 128 organic solvents are given in nomographic 
form by Killeffer. 263 

The best compilations of the vapor pressure of hydrocarbons are by 
Rossini and coworkers 264 of the American Petroleum Institute Research 
Project 44. 

The Chemical Engineers' Handbook 266 contains an excellent tabulation of 
vapor pressures of both inorganic and organic compounds. The tempera¬ 
tures in the inorganic section are in ° K. and the temperatures in the or¬ 
ganic section are in ° C. The latter results, which have been smoothed, 
are given at the following pressures: 10, 50, 100, 200, 300, 400, 500, 600 ’ 
and 700 mm. for the “low vapor pressures.” For the “high vapor pres¬ 
sures,” the vapor pressures in atmospheres are given at 10° intervals. 

VI. HEAT OF VAPORIZATION 


The heat of vaporization is easily calculated from the vapor pressure- 
temperature relation and P-V-T data by means of the exact Clapeyron 266 
equation: 


dP _ AH AH 

dt TAV T{y 0 - Vi) (125) 

where P - vapor pressure of liquid, t = temperature, T = absolute tem¬ 
perature, AH = heat of vaporization, AV = change in volume on vapori¬ 
zation, V„ = molecular volume of gaseous phase, and V t = molecular 
volume of liquid phase. Three quantities are required: dP/dt, V gt and 
V t . The first, dP/dt , is easily obtained from the vapor pressure data, 
either by numerical differentiation or, better, by means of a suitable equa¬ 
tion such as one of those described above. Thus, the Antoine equation 
leads to: 


dP = 2.3026RP 
dt (i t + 0 1 


(126) 


The second quantity, V 0 , may be expressed in terms of the ideal gas 
volume and the customary deviation factor, z v : 

V 9 = z,RT/P (127) 

Application of the theorem of corresponding states has shown that z g can 
be correlated with the reduced pressure and temperature with sufficient 


D. H. Killeffer, Ind. Eng. Chem., 30, 477, 565 (1938). 

Ui F. D. Rossini el al., Nall. Bur. Standards Circ., C461, 121-131 (1947). 

H. R. Arnold and E. T. Lessig, in Chemical Engineers' Handbook. J. H. Perry, 
editor, 2d ed., McGraw-Hill, New York, 1941, pp. 377-389. 

266 B. P. E. Clapeyron, J. 6cole polytech., 14, No. 23, 153 (1834). 
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accuracy for most purposes. The correlations of Cope, Lewis, and Weber 267 
have been used with considerable success below the critical point, and have 
recently been presented in nomographic form. 26 * An equally successful 
approach to the P-V-T problem for the gaseous phase is that of Edmis- 
ter. 269 The difference between the ideal volume, RT/P , and the actual 
volume, V g , is designated a. A “reduced” a,a R , is defined in an exactly 
analogous manner to the reduced pressure and temperature: 

„ - - (f - r.^a - r.) om 

The relation to the more familiar z 0 is: 

(1 - z,)r = Proc r /T r (129) 

where: (1 - z 9 ) R = (1 - *,)/( 1 - Z( ) (130) 

These two correlations are valid for the entire gaseous phase. Several 
workers have considered the P-V-T relation for the saturated vapor phase. 
Cope, Lewis, and Weber 270 plot against P R /T R and Maxwell 271 plots z, 
against P Rl with about the same success. This approach has little ad¬ 
vantage, if any, over the use of the more general correlations. 

The third quantity, V lt the molecular volume of the liquid under its 
vapor pressure, may be estimated in several different ways. Near room 
temperature the liquid density and its temperature coefficient are usually 
fairly well known. If an estimate of the critical temperature and density 
can be made, the following equation gives an adequate correlation of the 
density-temperature data: 272 


d R - 1 = A(1 - T R ) n + B( 1 - T r ) (131) 


where d R d/d Ct the reduced density, T R = reduced temperature, and 
A, B, and n are empirical constants. For most purposes n can be taken 
equal to 1/3. If a single density and the temperature coefficient are known, 
A and B are easily established. If the temperature coefficient is not 
known, B can be taken equal to 0.9. (Parenthetically, it may be noted 
that the use of this equation with n = 1/3, B = 0.9 provides a method of 
guessing density-temperature coefficients of liquids to within about ±2%, 


W ‘ K> f^"' 18 . and H - C. Weber, Ind. Eng. Chem., 23, 887 (1931). 

G - w - Thomson, Ind. Eng. Chem., 35, 895 (1943). 

” 9 W. C. Edmister, Ind. Eng. Chem., 30, 352 (1938). 

™ J. Q. Cope, W. K. Lewis, and H. C. Weber, Ind. Eng. Chem., 23, 887 (1931). 
m J. B. Maxwell, Ind. Eng. Chem., 24, 502 (1932). 

xr 272 1 R f lUy End W * N ' RaC) PA VSico-cA€mico/ Methods. 3rd ed. t Vol. I, Van Nostrand, 
New York, 1939, p. 113. 
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provided that one density is known and that the critical temperature and 
volume can be estimated from the structure. 273 ) 

If the liquid density is known at several temperatures an excellent ap¬ 
proximation to the entire density-temperature curve can be obtained by 
solving: 

T—TF = A (l~ TJ— 1 + B (132) 

for all three constants. Suitable techniques for solving this type of empiri¬ 
cal equation are given in the texts by Lipka, 274 Davis, 276 and Running. 27 ® 

Meissner and Paddison 277 present a reliable correlation for z^PVJRT 
which they designate m) as a function of reduced temperature and pressure. 

Watson's 278 method for estimating the effect of temperature on density is 
based on the use of a dimensionless “expansion factor,” designated o>, 
which is approximately the same for all liquids at the same reduced tem¬ 
perature and pressure. The density, d, at any temperature is related to 
the density, d lt at some other temperature as follows: 

d = (dtMu) (133) 

or in terms of specific, or molecular, volume: 

v = (t>i«i)/w (134) 

The terms d\/w\ or t/jwi are characteristic constants that are established 
by a single density measurement and the corresponding value of o>. The 
rest of the density-temperature curve can be estimated from a plot of w 
against reduced temperature and pressure. 

Since this method was limited by the difficulty in reading the published 
plots 279 accurately, the following equivalent analytical expression was de¬ 
veloped 280 for use below the critical point: 

a) = 0.1327 - (0.115 - 0.012P*) (0.70711 - Vl - T R ) (135) 

273 G. W. Thomson, unpublished work, 1947. 

274 J. Lipka, Graphical and Mechanical Compulation. 1st ed., Wiley, New York, 
1918, p. 140. 

174 D. S. Davis, Empirical Equations and Nomography. 1st ed., McGraw-Hill, New 
York, 1943. 

274 T. R. Running, Empirical Formulas. 1st ed., Wiley, New York, 1917. 

277 H. P. Meissner and O. H. Paddison, Jr., Ind. Eng. Chem., 33, 1189 (1941). 

778 K. M. Watson, Ind. Eng. Chem., 35, 398 (1943). 

179 K. M. Watson, Ind. Eng. Chem., 35, 398 (1943), fig. 1. Since the above was written 
a much more legible chart has been published in Chemical Process Principles Charts, 
by O. A. Hougen and K. M. Watson, 1st ed., Wiley, New York, 1946, fig. 109. 

180 G. W. Thomson, unpublished work based on Watson’s table I of Ind. Eng. Chem., 
35, 398 (1943). 
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valid for 0.55 < T R < 0.95. Below T R = 0.55 at moderate pressures the 
following expression is adequate if the investigator is satisfied to assume a 
linear density-temperature relationship : MI 

a> = 0.175 m - 0.08577 1 * (136) 

Actually the density-temperature relationship is not quite linear below 
f R = 0.5. An excellent approximation to Watson’s line for low pressures 
(P R = 0) is given by an average form of equation (131), namely: 

d R = 2(1 - T R ) l/ ' + 0.9(1 - T r ) + 1 (137) 

and the factor w/d R = 0.04384. This relation gives the same value of o> 
and the same slope, dw/dt, as equation (135) for T R = 0.7 and P R = 0, and 
hardly different values of w down to T R = 0.5. Equation (137) is recom¬ 
mended in preference to the linear relation, equation (136), for determining 
o) for values of T R less than 0.55. The factor, 0.04384, which is equal to 
the value of w at the critical point, is negligibly different from Watson’s 
0.0440. 

These methods of obtaining V 0 — V t require independent estimates of 
both terms. It is possible to estimate the quantity A z = P(V„ — V,)/RT 
in a single step. The simplest, and probably the best, formula is derived 
from Haggenmacher’s equation of state along the saturation line : ui 

Az = Vl - P„/T% (138) 

The heat of vaporization is then given by: 

A// = — RAzd In P/d(l/T) (139) 

= - 2.3ft Vl - P K /T% d log P/d(l/T) (140) 

where A// is in cal. per mole, and 2.3 R = 4.57566. If the Antoine equa¬ 
tion is used as the vapor pressure-temperature relation: 

AH = 2.3ft V1 - P r /T\ BT*/(t + O s (141) 

The neglect of the Az term in the expression for AH leads to an error of 
about +5% in the calculated value at the normal boiling point. 

Meissner 283 reviews most of the methods of computing heat of vaporiza¬ 
tion and presents his own correlation for Az (^ — n L in his notation) ob- 

1,1 Compare Watson s similar linear equation in O. A. Hougen and K. M. Watson, 
Chemical Process Principles. 1st ed., Wiley, New York, 1947, p. 504. 

282 J. E. Haggenmacher, J. Am. Chem. Soc., 66, 313 (1944); 68 , 1123, 1633 (1946); 
Phys. Rev., 69, 242 (1946). 

MJ H. P. Meissner, Ind. Eng. Chem., 33, 1440 (1941). 



250 


C,. \V. THOMSON 


tained from Cope, Lewis, and Weber's* 84 - ** s correlation for z, and Meissner 
and Paddison’s* 86 for z,. The values for A z are mostly a little lower than 
those calculated by Haggenmacher’s method. Thomson’s* 87 equations 
for A z are less convenient than, but about as accurate as the Haggcnmachcr 
relation. 

The correlations for A z appear to be about as good for polar liquids as 
for so-called normal liquids. The reason appears to be related to a com¬ 
pensation of errors in z 0 and z,. A comparison for ethyl alcohol has been 
presented elsewhere.* 87 

throughout this discussion it has been assumed that the critical con¬ 
stants are available. In most instances where these data are not available 
in the literature a close enough approximation can be made using the 
methods of prediction which are given in another section (page 233). 

As an example of these methods for calculating All and the related quantities, 
the heat of vaporization of n-heptane is computed at the normal boiling point. Ac¬ 
cording to Smith*** the normal boiling point is 98.428° C. and the vapor-pressure 
equation is: 

log P - G.905113 - 1269.821/(< + 217.11) 

The critical point is taken to be 540.17° K. and 27.00 atm.*"’ so that: 

P R = 1/27.00 * 0.03704 
T r = 371.588/540.17 = 0.6879; \/T R = 1.4537 
AH = (4.57566) (1269 .821)(273.16 + 9 8.428)* 

Az (217.11 + 98.428)* - 8 o/.8 

From Young’s* 90 measurements the density of the liquid is 0.6139, corresponding 
to z t - 0.0054, and z, for the saturated vapor is 0.955 a . Az is then 0.950 and AH = 
(8057.8)(0.950) = 7655. The calorimetric value is 7660 =fc 20 cal. per mole,* 91 an 
excellent check. This corresponds to Az = 0.951 =b 0.003. 

z t is 0.0053 from Meissner and Paddison’s figure 2, and z, is 0.954 from Thomson’s 
nomograph for the Cope, Lewis, and Weber correlation, whence Az = 0.949. 
Meissner’s chart gives about 0.95. Haggenmacher’s relation gives: 

Az = V 1 - 0.03704/(0.6879)* = 0.941 
The Thomson relations* 9 * give Az = 0.947. 

284 J. Q. Cope, W. K. Lewis, and H. C. Weber, Ind. Eng. Chem., 23, 887 (1931). 

Ui G. W. Thomson, Ind. Eng. Chem.. 35, 895 (1943). 

“* H. P. Meissner and O. H. Paddison, Jr., Ind. Eng. Chem., 33, 1189 (1941). 
ni G. W. Thomson, Chem. Rers., 38, 1 (1946). 

*** E. R. Smith, J. Research Natl. Bur. Standards, 24, 229 (1940). 

” 9 J. A. Beattie and W. C. Kay, J. Am. Chem. Soc., 59, 1586 (1937). 

190 S. Young, Set. Proc. Roy. Dublin Soc., 12, 374 (1910). 

* 91 K. S. Pitzer, J. Am. Chem. Soc., 62, 1224 (1940). 

”* G. W. Thomson, Chem. Revs., 38, 1 (1946), either from equations 75 or 77. 
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The density of the liquid could have been estimated by Watson’s expansion 
factor method. The density of heptane” 3 at 20° C. and atmospheric pressure is 
0.68308. T r = 293.16/540.17 = 0.543, P R = 1/27.00 = 0.037, o>, = 0.1291 
from equation (136) or (137), so that: 

d = (d|/«i)« = 5.296co 

At the normal boiling point, T R = 0.688, P R = 0.037, so that co = 0.1157 and 
d = 0.6127, only 0.2% lower than the experimental value.” 4 This accuracy is 
perfectly adequate for the calculation of z t . 
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1. INTRODUCTION 

Density measurements are a convenient aid in characterizing liquids 
For this purpose an accuracy of a few units in the third decimal place is 
often adequate. Methods of greater precision, however, make possible the 
more exact characterization of substances. They are a valuable aid in dif¬ 
ferentiating between similar compounds and in detecting small amounts of 
impurities. They also allow one to detect small concentration changes in 
solutions and thus to follow the course of reactions. They permit the de¬ 
tection of small differences in the proportions of isotopes in solid, liquid, 
or gaseous compounds if the molecular weight is not too high. 

Moreover, the application of precision density methods furnishes infor¬ 
mation regarding the chemical forces operating within and between mole¬ 
cules when the data are studied in terms of the molar volume and apparent 
molar volume. The density is also required in the evaluation of molecular 
weights from x-ray diffraction measurements, of molar refractions, of di¬ 
pole moments, and of other physical properties. 

II. GENERAL CONSIDERATIONS 

1. Definitions and Units 

Density, d, is defined by the equation: 

d = mass/volume = m/V ( 1 ) 

In accordance with the e.g.s. system of units, density measurements are 
expressed in grams of mass per cubic centimeter. However, this absolute 
density , dt , measured at t° C., and defined by the equation: 

* = £ g /cC ‘ (2a) 

is seldom used. More commonly, density measurements are expressed in 
grams of weight per milliliter, which under most conditions is equivalent 
to grams of mass per milliliter. This, the relative density at t 0 C., is defined 
by the equation: 

d ' = g /ml - (25) 

By definition, one milliliter = 0.001 liter = 0.001 part of the volume of one 
kilogram of pure, ordinary water at its temperature of maximum density 
(3.98° C.). Therefore, d{ gives the ratio of the (absolute) density at t° C. 
to the (absolute) density of water at 3.98° and is frequently called “density 
relative to water at 4° C.” or “specific gravity relative to water at 4° C.” 
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In setting up the standards of mass and volume it was intended that 1 
ml. should equal 1 cc. exactly, but subsequent measurements showed that 
1 cc. = 0.999973 ml., that is: 

Fee. = 1.000027 F m i. (3) 

The difference between g./cc., d‘, and g./ml., d\, is evidently negligible for 
most purposes. Moreover, the weight, IF, is connected with the mass, m, 
by the equation W = mg, where g, the acceleration due to gravity, is a con¬ 
stant for a given geographical location. Hence, IFi/IF 2 = m\/m*, provided 


Table I 


Densities d(H.o> AN0 rf 4<H,0) or Ordinary* Air-Free' Water at One Atmosphere" 


«• c. 

d (H,0> 

d 4 (U.O) 

0 

0.999841 

0.9998676 

3.98 

0.999973 

1.0000000 

10 

0.999701 

0 9997281 

15 

0.999102 

0.9991286 

20 

0.998207 

0.9982343 

25 

0.997048 

0.9970751 

30 

0.995651 

0.9956783 


0 Values of d\ from N. E. Dorsey, Properties of Ordinary Water-Substance. Reinhold, 
New York, 1940, p. 200. 

* Isotopic ratio of DjO/HjO ■■ 1/4000. 


' The effect of dissolved air on the density of water at room temperature is noticeable 
only in the 7th decimal place. At 20° C. rf.is less than d.i r . frce by 4 X 10' 1 
units; at higher temperatures, the difference is still smaller. 


that both weighings are carried out at the same place. Under this condi¬ 
tion, t. e., when both F ml and m are determined by weighings in the same 
laboratory, no change in the numerical value of relative density is caused 
by using grams of weight (Eq. 26) instead of grams of mass (Eq. 2a). 

Instead of d‘, d\ is used because it can be accurately and conveniently 
measured by a direct comparison of the weights of equal volumes of the sub¬ 
stance at 1° C. and of water at 3.98° C., while values of d l are ultimately 
based on the less reliable measurements of the dimensions of some substance 
and on its absolute mass. 

One also uses the specify gravity, <£, which is defined as the mass, m, of a 
substance at t° C. relative to the mass, m 0 , of an equal volume of water at 
t° C., i. e., d\ is a dimensionless number: 


d\ = (m/F)/(WF) 


(4) 
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2. Interconversion of Densities 
By combining equations (26) and (3) with (2a): 



d‘ = 0.999973d; 

(5) 

From equations 

(2a), (26), and (4): 


dj = dJ-di (Hl0) 

(6) 

and 

d* “ <*!-<h,0) 

(7) 


The factor, d (H ,o) or d 4 ' (Hl0) , used for converting specific gravities (dj) into 
densities (d‘ or dj) will depend on the temperature. Dreisbach 1 has pre¬ 
pared tables which allow the rapid conversion of values for d| at one 
temperature to values for d[ at any other temperature between 0° and 
40° C., provided the coefficient of expansion 0, is known. Table I gives a 
list of the densities of water, d ( ,i l0 ), at several standard temperatures. 

Sample calculation: If a sample of methanol at 25.00° shows a specific gravity 
°f ^6 " 0-78664, then, according to equation (6) and table I, dj 6 * 0.99708 • 0.78664 
■ 0.78434 (g./ml.), and from equation (5) d u - 0.999973 - 0.78434 - 0.78432 
(R./cc.). 

3. Standard Liquids for Calibration 

All instruments used in measuring density are calibrated directly or in¬ 
directly with pure water or with pure mercury. The following procedure 
is used for preparing pure standard water having a density corresponding to 
the values in table I: 

(7) Ordinary tap water is distilled once. To avoid the possibility of too 
high a content of heavy water, D 2 0 (d2 5 < D ,0) = 1-1044 compared with 
rf 4 6 (H,0) = 0.9971 for ordinary water), one should always start with fresh 
tap water. If a source of water is used which has been subject to many pre¬ 
vious distillations, as might occur, for example, in a permanently installed 
laboratory still, the density will be appreciably greater than the values in 
table I. Thus, according to Lewis and Cornish, 2 a distillation in a still of 
40 theoretical plates causes a change of 6 X 10 " 5 in the density. 

{2) To each liter of the distillate is added 0.5 g. c.p. sodium hydroxide 
and 0.2 g. c.p. potassium permanganate. This alkaline solution is slowly 
distilled from an all-Pyrex, quartz, or tin-lined vessel with due precautions 
to prevent spraying, for instance by inserting a shield of tin foil in front of 
the condenser inlet. All connections must be glass-to-glass or metal-to- 
metal and the exposed parts covered with tin foil. The first and last third 
of this second distillate are rejected. 

1 R. R. Dreisbach, Ind. Eng. Chem., Anal. Ed., 12, 160 (1940). 

2 G. N. Lewis and R. E. Cornish, J. Am. Chem. Soc., 55, 2616 (1933). 
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(5) For very careful work (6th place accuracy), a third distillation may 
be made in the same way except that a few drops of sulfuric acid per liter 
are added instead of alkaline permanganate. 

For the purification of mercury, a number of good procedures are avail¬ 
able in standard texts. 3 Mercury is useful at temperatures between —38° 
and 0° C. and between about 50° and 200° C., provided adequate safe¬ 
guards against mercury vapor poisoning are taken. 

4. Effect of Temperature on Density 

The temperature coefficient of cubical expansion, ft, is defined by ft = 
dV/dM/F, where V = volume. We can obtain an approximate relation 
between change in density per degree, Ad, and ft by assuming ft does 
not change with temperature. (For most liquids, ft increases by only about 
1% per degree C. rise in temperature.) In this case we have: ft = AV/V 
per degree, where AV = change in volume V when the temperature is in¬ 
creased by 1° C. From equation (1) it then follows that Ad/d per degree 
= — ft, i. e., the per cent change in d per degree C. = 100 ft 

For water at room temperature, the density decreases by about 0.03% 
per degree C. rise in temperature (ft — 3 X 10 -4 deg. -1 )- Most organic 
liquids have coefficients of expansion, ft, which are two to five times greater 
than that of water. As a rough rule, nonpolar liquids of low molecular 
weight, e. g. t aliphatic hydrocarbons, have the greatest coefficients of ex¬ 
pansion. Also, abnormally high expansions are found for liquids near their 
boiling points, e. g., ft = 16 X 10 -4 for ethyl ether between 15° and 30°. 
The density of organic solids usually changes somewhat less rapidly with 
temperature than that of liquids, e. g., ft = 0.9 X 10 -4 for benzoic acid, 
although ft = 6 X 10 -4 for paraffin. 

The above facts lead to the conclusion that the temperature control re¬ 
quired during density measurements should be within about 1° C. if an er¬ 
ror of not more than ±0.001 in d can be tolerated, and correspondingly 
better for higher accuracy. The required temperature control will depend 
somewhat on the method as, for instance, when a pycnometer (see page 
263) is used, the effect of temperature changes is lessened by the expansion 
of the glass container. In order to estimate more closely the influence of 
temperature fluctuations on the accuracy of measurement in each case, one 
can make use of the extensive compilations of data on coefficients of ex¬ 
pansion, ft, of liquids and of glass in standard tables, or else measure ft 
directly. 

* See, for example, F. Daniels, J. H. Mathews, and J. W. Williams, Experimental 
Physical Chemistry, 3rd ed., McGraw-Hill, New York, 1941, p. 444; also J. Reilly and 
W. N. Rae, Physico-chemical Methods , 3rd ed., Vol. I. Van Nostrand, New York, 1939 
283, 676; and this volume, Chapters XXVII and XXVIII. 
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5. Effect of Pressure on Density 

The isothermal compressibility ft. = (1 /V){bV/bF)„ which can be taken 
from standard tables, provides a measure of the influence of pressure on 
density. Similar to the case of the temperature coefficient of expansion 
\ve have: - Ad/d = fa- AP, assuming fa is independent of pressure, i e 
the per cent change in d per atm. = 1000,.. The density of pure water at 
room temperature and pressure is increased by about 0.005% for a pressure 
increase of 1 atm., i. e., by about 5 units in the 6th decimal place (fa . 
45.9 X 10 6 atm. 1 at 20°, 1 atm.). The compressibility of organic liquids 
at room temperature varies between about 20 X 10 « atm.-' and 200 X 

10 6 atm.-'; most organic liquids are found in the range of 0 P = 60 X 10~ 8 

to fa = 100 X 10It is evident that the ordinary fluctuations in pres¬ 
sure encountered in the laboratory (about 20/760 atm.) cause only a very 
small, but not always negligible, change in density, e. g. t for methyl alcohol 

(fa = 130 X 10" 8 ) d changes by 3 units in the 6th decimal place when p 
changes by 20 mm. 


6. Effect of Impurities on Density 

It is obvious that the method of measurement selected need be no more 
accurate than is justified by the purity of the substance. In order to esti¬ 
mate roughly the influence which a given amount of impurity has on the 
density of a liquid one can use the approximate relation: 

. dod\ 

( “ (Toiled, - d.) + dt (S) 

where p, = per cent impurity (g. per 100 g. solution), and do, d u and d refer 
to the densities of the pure substance, the impurity, and their mixture, 
respectively. Equation (8) is based on the assumption that the specific 
volume of the mixture, v, is additively composed of the specific volumes of 
the solvent, v 0 , and of the impurity, v X} i. e. f on the assumption that v = 
0.01 p x vi + (1 - 0.01 p,)t/ 0 . Thus, equation (8) applies best to solutions 
for which no volume change occurs on mixing the components. This con¬ 
dition is approached closely by mixtures of similar nonpolar molecules. 

As an example of the use of equation (8), we may consider a sample of benzene 
at 15° C. (d 0 = 0.885) which is suspected to contain as much as 0.1% thiophene 
(di = 1.070). The possible difference between the density of pure benzene and 
the impure sample is given approximately by: d - do = (0.885 X 1.070/ (- 0.01 
X 0.1 X 0.195 + 1.070)1 — 0.8850 = 0.0002. Evidently there would be little use 
in measuring d to better than about =*= 1 X 10~ 4 . 

The density of organic liquids may be decreased appreciably by dissolved 
air; e. g. t for toluene at 25° C. and 1 atm., d air ^, ald> is less than d air _ frM by 
about 0.01%. 
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7. Molar Volume 

The molar volume of a compound is defined as M/d , when M denotes the 
molecular weight. It was calculated for liquids by Kopp 4 * 6 from densities 
determined near the boiling point; additive atomic constants as well as 
increments for the effect of constitutive factors were evaluated by this 
author. 

Biltz and coworkers* extrapolated temperature-density curves to abso¬ 
lute zero and treated the nxdlpunkts volumina in a similar way. 

Density measurements of solutions of known concentration allow the 
calculation of the apparent molar volume, <P, of a solute. The quantity 
(<!> — V), where V = actual molar volume of the pure substance, is a prop¬ 
erty which depends solely on the interaction between solute and solvent, 
and is therefore of considerable theoretical interest. 7 <f> is defined by the 
relation: 

* = ^.n. “ P. olv . (9) 

where K B0 | n . is the volume of solution containing one mole of solute and 
V t0 \y. is the volume of the amount (N 0 moles) of pure solvent present in 
this solution, N 0 (M 0 /do), i. e., the solvent is considered as unchanged. 
In terms of directly measurable quantities, <I> is given by: 

* - S' - 1000 TST (10) 

where M i = molecular weight of the solute and C = concentration in 
moles per liter. Equation (10) shows that the accuracy of the determination 
of 4> depends largely on the difference, Ad - d - d 0 . Therefore in the meas¬ 
urement of <I>, the solution and solvent should be compared under as nearly 
identical conditions as possible (differential measurement). 

For the most accurate determinations of 4>, it is advisable to make up the 
solutions by mixing weighed quantities of a carefully analyzed stock solu¬ 
tion and of the solvent, in order that the per cent error in concentration C 
be kept at least as small as that in the difference, d - d 0 . 

8. Expressions for Concentrations 

When using density data as a measure of solute concentration or for the 
calculation of $, it may be necessary or convenient to express the concen- 

4 S. Smiles, The Relation between Chemical Constitution and Physical Properties. 
Longmans, Green, London, 1910. 

6 H. Gilman, Organic Chemistry. Wiley, New York, 1943, p. 1741. 

8 W. Biltz el al., Ann., 453, 259 (1927); Z. physik. Chem., A151, 13 (1930); Z. Elek- 
trochem., 36, 815 (1930). 

7 See, for example, K. Fajans and 0. Johnson, J. Am. Chem. Soc., 64, 668 (1942). 
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tration in different unite. For example, in applying equation (10), we must 
find the molarity, C, from the weight per cent, p. Other units often en- 
countered are the mole fraction, X, the mole per cent, 100AT, and the 
molality (moles solute per 1000 grams solvent), C,. If the molecular weight 
of solute and solvent are designated by Af, and M h respectively, their mole 

then ^ Xl and X °’ and tHe,r Weights in the solution b y and W 0 , 


and 


Xx 


Wx/Mx 

Wx/Mx + W 0 /M 0 


Pi 


Wx 


Wx + H’r 


100 


X x Mx 


XxMx + AToA/,1 


100 


r _ 10p,d 

" ~Mx 


1000 ( -_\ 

\1000 + MxCJ 


lOOOX.d 


XxM\ -f- XnMt 


(u) 

( 12 ) 

(13) 

(14) 

(15) 


9. Change of Density with Concentration 

For two-component liquid systems, a plot of density r*. concentration 
generally gives a somewhat curved line. 8 When the concentration is ex¬ 
pressed in volume units (volume per cent, molarity, or grams per liter), 
the plot is more likely to be nearly linear than with weight units (weight 
per cent or molality) providing the mixture is expected to conform closely 
to the behavior of ideal solutions. If mixing occurs at all concentrations 
without a change in volume, the relation between <1 and C is exactly linear 
over the whole range (Eqs. 8 and 13), whereas the corresponding relation 
between d and weight per cent, p (Eq. 8), approaches linearity only at low 
concentrations even if the volume is additive over the whole range. Vol¬ 
ume additivity is fulfilled best for mixtures of similar nonpolar molecules. 
If the intermolecular forces in the mixture are strong and sufficiently dif¬ 
ferent from those in the pure components, a maximum or minimum of dens¬ 
ity may occur. When density measurements are used to follow changes 
in concentration, a calibration curve of C plotted against d containing many 
experimental points should be made instead of relying on theoretical equa- 
tions. 

4 R. Kremann, Die Eigentchaften der bindren Flussigkeitsgemische. Sammlung 
chemischer und Chem.-Tech. Vorlrdge. Enke, Stuttgart, 1917, p. 157. 
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10. Use of Density for Isotope Analysis 

Appreciable density differences exist between substances which are iden¬ 
tical except in the relative proportions of their isotopes. For example, the 
density of water containing 1.0% D 2 0 is greater than that of ordinary 
water by 0.0011 g. per ml. at 25° C. In general, the enrichment of a pure 
compound in one or more of its isotopes results in a relative density change 
which depends only on the mole fraction of isotopic molecules and on 
the relative difference in molecular weight of normal and isotopic molecules. 
That is, as a rule, the molar volumes of the various isotopic homologs 
of a molecule can be considered as equal and additive. Applied to the 
case of one heavy and one light isotope of a single element, these con¬ 
ditions give the following relation, where rf t , X 2 , and M 2 refer to the den¬ 
sity, mole fraction, and molecular weight of the heavy isotopic homologs 
and d refers to the mixture. 

(16) 

Small deviations from equation (16) may be found among liquid and solid 
compounds of the lightest isotopes, particularly hydrogen. For example, 
the molar volumes of ordinary water (18.071 cc. per mole) and of heavy 
water (18.133 cc. per mole) are not quite equal, although their mixtures 
obey volume additivity. 9 - 10 This results in a small departure of the d vs. 
X curve from linearity. When an accuracy in X Dt0 of better than 0.3% 
is required over the full range of values, an equation of the type: 

*d,o = a(l - df)/l - 0(1 - dj) 

should be used instead of equation (16). Longsworth 9 and Swift 10 found 
a = 9.257, 0 = 0.033, at 25° C. in agreement with values calculated on the 
assumption of additivity. 

It must be emphasized that a measured change in density cannot be 
used alone to determine the concentration of a given isotope relative to that 
of another if the sample becomes enriched in the isotope of more than one 
element. Any condition affecting the average molecular weight of the 
sample will influence the calculated isotope concentration. Also, the den¬ 
sity method of analysis does not in itself reveal the presence of either iso¬ 
topic or chemical impurities. Thus the presence of 0.4 mole per cent excess 
O 18 in water having a normal deuterium content would have a density of 
d 9 4* 0.00022 g. per ml. (Eq. 16), which could be misconstrued as signifying 
0.4% excess D 2 0. This kind of difficulty has been overcome in the case 
of heavy water by the measurement of refractive index as well as density 11 

9 L. G. Longsworth, J. Am. Chem. Soc., 59, 1483 (1937). 

10 E. Swift, Jr., ibid., 61, 198 (1939). 

11 G. N. Lewis and D. B. Luten, Jr., J. Am. Chem. Soc., 55,5062 (1933). D. B. Luton. 

Jr., Phys. Rev., 45, 161 (1934). ’ 
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and also by the removal of excess O' 8 , using isotopic exchange with normal 
carbon dioxide 12 ; an acid such as hydrogen sulfide might be used in a 
similar way to obtain normal D/H ratios in H 2 0 ,H . 

Fortunately, in many types of tracer studies there is no reason to expect 
a significant change in any isotope ratio except that of the added tracer 
element. The principal difficulty of applying density methods lies in 
achieving a high degree of chemical purity for the substance to which a 
sample containing the tracer element is converted. For example, the 
density of very small amounts of water can be measured easily to the 6th 
decimal, corresponding to 1 or 2 parts per million of deuterium; however, 
the impurities usually introduced in burning a microsample to water in¬ 
crease the uncertainty of such an analysis to 10 or 20 parts per million. 
Painstaking blank determinations and calibrations with samples of known 
isotopic proportions are required. Density provides an acceptable meas¬ 
ure of isotopic composition when many similar analyses are to be performed 
under closely reproducible conditions. It then has the advantages of in¬ 
expensive, simple apparatus and in some cases allows greater accuracy than 
the mass spectrometer. Density methods may become less attractive in 
comparison with the mass spectrometer the smaller the natural abundance 
of the tracer isotope, since the absolute accuracy of a density measurement 
remains constant independent of isotope concentration, whereas the rela¬ 
tive accuracy of mass spectrometric isotope ratios is nearly as great for 
very small concentrations of one isotope as for intermediate values. With 
respect to the influence of both isotopic and chemical impurities, the mass 
spectrometer is more reliable and is to be preferred, especially for spot 
analyses (see Chapter XXXI). 

Techniques for the preparation and purification of standard compounds 
suitable for densimetric analyses of several isotopes have been worked out. 
Deuterium and O 18 are converted to water 18 ; Li 6 to LiF; K 41 to KC1- 
Cl 37 to NaCl. 14 For fusible solids such as sodium chloride, density dif¬ 
ferences as small as 4 X 10" 6 g. per ml. are significant, corresponding to 
about 0.0.05 atom per cent excess Cl 87 (Eq. 16), i. e., allowing a sample of 
100% Cl 37 to be diluted about 1500-fold in a tracer experiment requiring 
a 10% accuracy for CI 87 /C1 86 . This favorable case (Cl 87 abundance = 
24%) happens to allow a 10-fold greater precision than the usual mass 
spectrometer practice. 

12 M. H. Wahl and H. C. Urey, J. Chem. Phys., 3, 411 (1935). G. A. Mills and H. C. 

Urey, y. Am. CAem. 5oc., 62 , 1019 (1940). 

,a D. W. W ilson, A. O. C. Nier, and S. P. Reiman, eds., Preparation and Measurement 
of Isotopic Tracers. Edwards, Ann Arbor, 1946, p. 56. 

14 H. L. Johnston and D. A. Hutchison, J. Chem. Phys., 8,870 (1940); 10, 469 (1942). 
D. A. Hutchison, ibid., 14, 401 (1946). 



The following density techniques have been applied to isotope analysis: 
density gradient tube (page 281), temperature of flotation (page 281), falling 
drop (page 283), magnetically or pressure-controlled float (page 280), and 
pycnometer (page 263). All except the latter two are micromethods; the 
first two are applicable to both liquids and solids and are perhaps the most 
convenient. 

III. MEASUREMENT OF DENSITY OF LIQUIDS 
1. Measurement of Weight of a Known Volume 

The most common method of density determination consists in finding 
the weight of liquid occupying a known volume defined by the shape of a 
given vessel. It is obviously impracticable to determine this volume from 
the geometry of the vessel. Instead, the vessel is calibrated in terms of the 
weight of pure water which it will hold. 

A. PYCNOMETERS 

A multitude of devices have been used for defining a volume so that the 
filling and weighing of the vessel are reproducible and convenient. Figure 1 
show's various selected types of such “pycnometers,” each having certain 
advantages. Even for the most accurate work (about ±5 X 10“ 6 ) it is 
hardly ever desirable to make the capacity of any of these pycnometers 
greater than about 30 milliliters, assuming that each necessary weighing is 
not in error by more than 0.1 milligram. An attempt to increase the ac¬ 
curacy beyond ±5 X 10“« by using still larger quantities of liquid is ac¬ 
companied by a compensating loss in balance sensitivity and by increasing 
uncertainties in such factors as the correction of weights to vacuum, the 
reproducibility of weight of objects having such large glass surfaces, and 
small accidental changes in volume of the pycnometer. The pycnometers 
are preferably made of some resistant glass, having a low coefficient of 
thermal expansion—such as Pyrex or Yycor, or fused quartz. Except for 
type C, some version of each vessel in figure 1 is available commercially, 
under various names. 

In the following section, the accuracy, advantages, and disadvantages of 
the six types of pycnometers shown in figure 1 are discussed. Detailed 
techniques for the use of types B, D , and E are described on page 269 et 
seq. A summary of the types recommended for various purposes is given 
in table III (page 295). 

Type A is used for rapid measurements when an accuracy of only about 
±0.001 is required and when a regular thermostat is not available. Leak¬ 
age around ground joints G and g is a drawback to the use of this pycnom- 




Fig. 1.—Selected types of pycnometers. 
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eter, especially when it is weighed at a temperature above that of filling. 

Type B is a convenient, versatile model capable of an accuracy of about 
1 X 10Without the expansion cup or cap it is known as the Gay- 
Lussac pycnometer or the “Weld specific gravity bottle.” It can easily be 
used for solids as well as liquids because of the large neck opening. The 
volume depends somewhat on the amount of pressure exerted on the 
ground joint. Devices for putting in the stopper, S, with the same pres¬ 
sure each time have been used. 16 Evaporation is minimized by the out¬ 
side cap, while the cup, C, furnishes space for expansion of liquid in case 
the pycnometer warms up during weighing. 

Type C, designed by Johnston and Adams, 16 permits a rapid adjustment 
of volume. It is useful for solids as well as for liquids because of the wide 
neck opening, and is capable of an accuracy of up to 5 X 10 -6 in d, iqu j d . 
The flat cap, C, is slid over the surface of the flange, F, when the thermo- 
stated vessel is filled to overflowing, and the excess is then wiped off. If 
the two surfaces are optically flat, the amount of evaporation around their 
common edge is very small, and the layer of liquid between them will be so 
thin that the uncertainty in the volume is negligible even if the opening in 
the neck of the bulb is made conveniently large. If the whole weight of the 
filled pycnometer can be supported by the adhesion pressure of the liquid 
film, i. e. f if it can be lifted by holding on to cap C, the surfaces can be con¬ 
sidered satisfactorily polished and joined. The most serious disadvantage 
of this type is that a slight increase in temperature and the consequent ex¬ 
pansion of the liquid cause the cap to be pushed off, resulting in a rapid 
loss by evaporation despite the protection of cover K. It is therefore ad¬ 
visable to keep the temperature.of the room somewhat below that of the 
thermostat. Special care must be exercised when sliding on the cap to 
avoid trapping air bubbles in the neck. 

Type D is in principle a volumetric flask having an etched mark, M, 
around the capillary which defines the volume. Space above the mark al¬ 
lows for expansion of the liquid during weighing. This simple “flask pyc¬ 
nometer” is recommended for measurements of pure (single-component) 
liquids for which an accuracy of anywhere up to 5 X10" 6 is required. Such 
a high accuracy is not practicable in using type D with solutions because of 
the difficulty of filling without losing, by evaporation, more of one com¬ 
ponent than of the other. The accuracy obviously depends on the bulb 
size and the bore of the capillary. A capacity of about 30 ml. and a 1-mm. 
bore allow oth place accuracy; but such a pycnometer is difficult to fill and 
clean. The convenience can be considerably enhanced by providing the 

NewYwk 11 ^^^ 7 ^’ *** Bhysico-chem ical Methods. 3rd ed., Vol. I, Van Nostrand, 

16 J. Johnston and L. H. Adams, J. Am. Chem. Soc., 34, 563 (1912). 
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capillary with a whole set of equally spaced reference marks. By using a 
cathetometer to interpolate between the marks, the tedious operation of 
bringing the meniscus to a given mark is avoided. The calibrat ion of such 
a capillary is discussed under type F. Washburn and Smith 17 describe in 
detail a convenient differential method of using twin pycnometers of the 
Mask type which allows a precision of one part per million. 

Type E is the standard Sprcngcl-Ostwald pycnometer. Having two 
openings, this type is especially easy to fill and clean as compared with type 
D, even when the side arms are made of small-bore capillaries. It can be 
filled without danger of loss by evaporation, and is therefore suitable for 
solutions. By making the capillary of arm A as narrow as 1 mm. in diam¬ 
eter and by grinding off irregularities from the end surface of the smaller 
capillary (arm B, inner diameter 0.2 mm.), the accuracy can be increased 
to ±5 X 10“ # . A space above the mark, on arm A allows for expan¬ 
sion of the liquid. For rapid, less exact measurements on smaller 
samples, it is convenient to make the Sprengcl pycnometer from an or¬ 
dinary pipette by bending it to the appropriate shape and drawing out the 
ends to make small openings. The caps, C, may be omitted. Hennion 18 
has described a self-filling (siphoning) Ostwald pycnometer, useful for vola¬ 
tile liquids. 

Type F (bicapillary), a modification of E , is more convenient than E and 
is especially well adapted to precision measurements up to ±5 X 10~® of 
solutions containing a volatile component. The ends of the capillaries 
are provided with ground joints so that an appropriate filling apparatus 
may be tightly connected. For the highest precision, the two capillary 
tubes can be made very narrow (<0.5 mm. in diameter). Both tubes 
should be of the same uniform diameter. If a scale is etched along the 
length of the capillaries, it is unnecessary to make the tedious adjustment 
of volume by bringing the liquid meniscus exactly to some particular mark, 
as with types A and E. Instead, the position of the meniscus is found 
relative to any convenient mark. Since it usually lies between two marks, 
it is necessary, for the highest accuracy, to interpolate the position of the 
meniscus by using a cathetometer or a telescope fitted with a micrometer 
eyepiece. However, a rather laborious calibration is necessary. The vol¬ 
ume corresponding to a unit length of the capillary can be most accurately 
found by measuring the length and weight of various threads of pure mer¬ 
cury placed in the necks of the pycnometer. A calibration with water de¬ 
fines the bulb volume up to some selected pair of reference marks on the 

17 E. W. Washburn and E. It. Smith, J. Research Nall. Bur. Standards, 12, 305 (1934). 
See also E. R. Smith and M. Wojciechowski, Bull, iidern. acad. polon., A1936, 281; 
Roczniki Chem., 16, 104 (1936). 
te G. F. Hennion, Ind. Eng. Chem., Anal. Ed., 9, 479 (1937). 
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necks. Subsequently, the sums of the heights of liquid above these marks 
correspond to a definite volume which is found from a calibration curve. 

Robertson 19 has described how to make a simple bicapillary pycnometer 
from sections of graduated pipettes. Other forms of the bicapillary pycnom¬ 
eter have been discussed by Wibaut 20 el al., who have used this type for 
careful measurements of a variety of organic liquids, by Smith 21 and by 
Parker and Parker. 22 A convenient method of using this type of pycnom¬ 
eter for measurements of a single sample at various temperatures is given 
by Ward and Brooks.' 2 * 

Lipkin el a/. 23 describe a convenient bicapillary pycnometer which is 
available commercially. 24 They emphasize the importance of the narrow, 
unfilled capillary in minimizing evaporation. One of the capillaries is bent 
through an angle of 140° so as to allow self-filling by siphoning. The 
Lipkin pycnometer (see Fig. 2, page 268) has been recommended by the 
American Society for Testing Materials in a procedure for the density de¬ 
termination of gasoline hydrocarbons. 25 Cooperative tests of this pycnom¬ 
eter among a number of laboratories have shown 26 that the errors do 
not on the average exceed 1 or 2 X 10 for samples as volatile as mixed 
pentanes (d = 0.6). 

B. TECHNIQUE FOR PRECISION PYCNOMETRIC MEASUREMENTS 

Weighing.—For 5th place accuracy, the individual weights should be 
checked against one another to obtain their relative values, for example, 
by the method of Richards, 27 which is especially convenient in the modifica¬ 
tion suggested by Blade. 23 It is not necessary to compare the set with a 
certified standard mass. Since lacquered weights are most susceptible 
to change with changing humidity, their use should be avoided. Un¬ 
lacquered, metal-plated weights are much to be preferred. 

An error of about 2 X 10~ 5 in density can be caused by changes in the 
inequalities of the lengths of the two balance arms. This error can be 
eliminated by making successive weighings with the object placed first 

19 G. R. Robertson, ibid., 11 , 464 (1939). 

20 J. P. Wibaut et al., Rec. trav. chim., 58, 369 (1939). 

31 G. F. Smith, J. Chem. Soc., 1931, 3260. 

” H - G- Par ker and E. W. Parker, J. Phys. Chem., 29, 130 (1925). 
iU A. F. H. Ward and L. H. Brooks, Analyst, 73, 158 (1948). 

A W * T ‘ HarVCy * and S - S ' Kurtz ’ Jr * Ind • En 0- Chem., 

Anal. Ed., 16, 55 (1944). 

24 Ace Glass, Inc., Vineland, N. J. 

21 A.S.T.M. Standards, 1945 Suppl., part III, p. 164. 

“ According to data of A. S. T. M. Committee D-2, Subcommittee XXV, furnished by 
K. Matteson, California Research Corporation. 

Ne^Ywk^g^ p V 6 f Rae ’ Physic °~ chemical Methods - 3rd ed., Vol. I, Van Nostrand, 

” E. Blade, Ind. Eng. Chem., Anal. Ed., 11, 499 (1939). 
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on one balance pan, then on the other, and taking the mean value. The 
clean pycnometer is weighed before and after filling with water, as well 
as before and after filling with the liquid in question. The second weigh¬ 
ing of the empty pycnometer may be omitted in ordinary work if tested 
precautions are taken in drying the vessel. The weighing of a vessel with 



a considerable surface of glass and a large internal volume involves certain 
difficulties: 

CO The weight of a glass object can change appreciably due to changes 
in the amount of water adsorbed. For instance, a 30-ml. pycnometer 
dried in a vacuum at room temperature for a couple of hours can gain 
several milligrams of water by standing in a humid atmosphere. The effect 
of adsorption is standardized by wiping the glass surface carefully with a 
moist chamois or lintless cloth, then allowing the vessel to stand in the 
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balance case for 15 to 20 minutes before each weighing. A tare (dummy 
pycnometer) having the same exposed area as the pycnometer is treated 
in a similar way. In the case of the empty pycnometer and its tare, the 
air inside is flushed out with air from the balance room; then they are 
wiped and allowed to stand with caps removed. 

(2) The buoyancy effect of the air which is displaced by the weights 
and other objects on the balance must be considered. The method of 
making the buoyancy corrections is given on pages 272 el seq. 

( 3 ) If the air density in the tare or the pycnometer differs by a few 
per cent from that on the outside, large errors in the weight of both the 
full and the empty vessel can arise. To secure equality of air composition 
and pressure, the vessels should be flushed out with balance room air and 
the caps loosened just before weighing; temperature equilibrium is estab¬ 
lished in about 15 minutes. If a volatile liquid is present, it may not be 
possible to fill all the gas space with balance room air and a special correc¬ 
tion becomes necessary (see page 274). 

(4) Erratic behavior of the balance occurs if the vessels become electro¬ 
statically charged by friction; this can be eliminated by placing a safe 
amount of radioactive material in the balance case. 

Precautions in Handling the Pycnometers.—To avoid changes in the 
volume of the bulb, the pycnometer should not be excessively warmed 
above or cooled below the temperature of measurement or be subjected to 
pressure differences such as those caused by prolonged evacuation. Usu¬ 
ally the bulb changes only very slowly back toward its original volume 
after the release of such stresses. A newly made pycnometer changes 
volume continuously for a period of weeks. 

To clean the interior of the vessel, allow it to stand in contact with 
cleaning solution, a mixture of potassium dichromate and concentrated 
sulfuric acid, overnight, or until the last traces of grease have disap¬ 
peared. After prolonged rinsing, it should be left in contact with distilled 
water 24 hours to remove adsorbed acid, rinsed thoroughly, drained, and 
dried. The drying is conveniently accomplished in about 20 minutes by 
inverting the pycnometer in a large vacuum desiccator and applying suc¬ 
tion. The vacuum is broken from time to time if much water is initially 
present. The drying process is repeated until constant weight is obtained. 

Filling and Adjusting the Pycnometers.—A detailed description of the 
best technique for handling pycnometers B, D, and E is given in the 
following section. To a considerable extent these techniques also apply to 
the other types (A, C, and F ); for example, A is similar to B , and type F 
embodies features of both D and E. These similarities, in addition to the 
factors discussed on pages 263 et seq., make the treatment of types A, C, 
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and F self-evident. In all cases, the liquid should, if possible, he boiled 
shortly before filling to prevent the formation of air bubbles. Bubbles are 
the most frequent cause of large accidental errors in pycnometry. In all 
cases it is advisable 10 cool the liquid slightly (^1 ° C.) below the thermo¬ 
stat temperature just before filling in order to insure an excess of liquid 
when equilibrium is reached. 

Type B. This pycnometer can be easily filled with a pipette, or, for more 
careful transfer, by means of the tube shown in figure 3a. After thermo- 
stating, part of the excess liquid is forced out through the capillary into cup 
C by inserting a ground stopper. (Check against trapping air bubbles in 
this operation.) After a few minutes more in the thermostat, the liquid 
remaining on the flat surface of the stopper is quickly wiped off with lens 
paper. The cup is dried with absorbent paper and the pycnometer is pre¬ 
pared for weighing. 

Type D. When the bore diameter is 2 mm. or more, it is practicable to 
introduce the liquid through a fine glass capillary reaching below the 
pycnometer neck. The flow can be regulated by gravity, by pressure, or by 
siphoning. Hollow steel needles have been used as filling tubes for ex¬ 
tremely narrow-necked pycnometers. A filling tube that is patterned 
after the Wade and Merriman technique* 9 and that can be used for purr 
liquids only is shown in figure 3 b. The pycnometer is evacuated through 
arm A of this tube after a flask of the liquid is connected to arm B. By 
tilting the whole apparatus until liquid flows into the bulb at />, then al¬ 
lowing dry air to flow through .1, the liquid is forced into the pycnometer. 
The liquid may be returned to the storage flask by distillation at low pres¬ 
sure. A modification of this method can be used when it is important to 
avoid the risk of a small change in bulb size caused by the evacuation— 
the pycnometer is placed in a close-fitting vessel which can be evacuated 
and is then completely covered with liquid. Making and breaking the 
vacuum a few times serves to remove all air from the pycnometer. The 
filled pycnometer, loosely capped, is immersed up to the mark in a ther¬ 
mostat; after about 15 minutes, the excess liquid is removed by just 
touching the meniscus with a fine glass capillary or a roll of paper. 
When the meniscus remains at the same position for several minutes, it 
can be concluded that temperature equilibrium has been reached. The 
pycnometer is removed, carefully rinsed, and prepared for weighing. 

Type E can be filled by applying suction at the end of one arm through 
a one-liter air-filled flask, as in figure 3c. For a more careful transfer- 
necessary, for instance, for hygroscopic liquids—the filling tube shown in 

» J. Wade and R. W. Merriman, J. Chem. Soc., 101, 2429 (1912). See also W. R. 
Ruby and R. P. Loveland, J. Phys. Chem., 50, 345 (1946). 
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figure 3d is recommended. The flow of liquid in this tube is started by a 
slight suction, is maintained by a siphoning action, and is controlled by the 
stopcock S. No grease is used on this stopcock. If the leakage is exces- 
s ve, its ground surfaces may be lapped together more smoothly by grinding 
with fine rouge. After thermostating, the meniscus is brought to mark M 
by touching the ground tip of the smaller capillary (end of arm B, figure 
1£) with absorbent paper, which removes the excess liquid. 

C. CALCULATION OF DENSITY 

Useful Approximations.— Buoyancy Correction. —For many purposes 
it may be permissible to ignore the detailed corrections required for highest 
accuracy. To obtain an approximate density, d\ which equals the true 
density, d, within about 0.1%, one uses the formula: 

d' = (\V'/\V' 0 )d 0 (17) 

where 11" and \V' 0 are the uncorrected weights of sample and calibrating 
liquid, respectively. It is understood in applying equation (17) that the 
temperature at which the pycnometer is filled is the same for the calibrat¬ 
ing liquid as for the sample. Also, the stated accuracy of 0.1% applies 
to the range of d/d 0 values between 0.5 and 2.0 and is valid only if the 
weights used in the calibration have the same density as those in the de¬ 
termination. 

For a greater accuracy, the effect of buoyancy in air of the objects on the 
balance pans must be taken into account. The basic formula for obtaining 
the true (“vacuum-corrected”) weight W from the weights IF' which are 
needed to balance an object of volume V is given by: 

W = IF' + VD - V U D (18) 

where V w = \V'/D W is the volume occupied by the IF' weights consisting 
of a material having a density D u \ D is the density of air at the time and 
place of weighing. The volume occupied by the glass of the pycnometer 
can be left out of the calculation if a compensating tare (dummy pycnom¬ 
eter) is used on the pan with the weights. For 5th decimal accuracy the 
tare should equal the weight of the pycnometer within about 2% of the 
sample weight. 

The buoyancy correction to IF' amounts to about 0.1% for a liquid of 
unit density. However, it is not necessary to apply equation (18) sepa¬ 
rately to each weighing, even for an accuracy of 0.01%; instead, a simple 
correction, C, can be added to d': 

d = d' + C 

C = Z)(l - d’/do) 


(19) 

( 20 ) 
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Equations (19) and (20) are based on the assumptions that the density of 
air and of the weights are constants for all weighings, including the cali¬ 
bration. 30 For 4th decimal accuracy it is usually justified to assume D = 
0.0012 g. per ml.; for this case, values of the correction C in the most used 
range of d/d 0 may be found in table II. Table II is applicable with an ac¬ 
curacy of about 5 X 10 “ 6 if the air density is between 0.00115 and 0.00125 
g. per ml. For conditions outside these limits, equation (20) should be 
used directly. 


Table II 

Corrections 0 to Density for Buoyant Effect of Air 


R 

C X 10* 

R 

C X 10« 

mam 

C x io« 

0.04 

11.5 

0.71 

3.5 

W£m 

- 4.5 

0.08 

11.0 

0 75 

3.0 



0.13 

10.5 

0.79 

2.5 

VwIf 7 ®: 

- 5.5 

0.17 

10.0 

0.83 

2.0 

1.50 

- 6.0 

0.21 

9.5 

0.87 

1.5 

1.54 

- 6.5 

0.25 

»!«■&) 

0.92 

1.0 

1.58 


0.29 

8.5 

0.96 

0.5 

1.63 

- 7.5 

0.33 • 

8.0 

1.00 

0.0 

mX3m 

- 8.0 

0.37 

7.5 

1.04 

-0.5 


- 8.5 

0.42 

7.0 

1.08 

-1.0 


- 9.0 

0.46 

6.5 

1.12 

-1.5 

1.79 

- 9.5 

0.50 

6.0 

1.17 

-2.0 

1.83 

-10.0 

0.54 

5.5 

1.21 

-2.5 

1.87 

-10.5 

0.59 

5.0 

1.25 

-3.0 

1.92 

-11.0 

0.63 

4.5 

1.29 

-3.5 

1.96 

-11.5 

0.67 

4.0 

1.33 

-4.0 

2.00 

-12.0 


° Correction C is added to, or subtracted from, approximate density d' (see Eq. 17 
and pp. 290, 293) for the appropriate value of relative density Ii. R = d'/d* or R - 
d'Jd L , as the case may be, where do refers to the density of liquid used in calibrating a 
pycnometer and d L refers to the density of immersion liquid used in determining the 
density, d„ of a solid (see Eqs. 20, 33, and 37). 


For 5th decimal accuracy it is usually necessary to apply separate cor¬ 
rections to each weighing; equation (20) is inadequate principally because 
the air density lacks sufficient constancy. One then must determine D at 
the time and place of each weighing. This is most conveniently accom¬ 
plished by measuring the balance room temperature, t° C., the barometric 
pressure, P mm. of mercury, and relative humidity, H, in per cent. Then: 

D _ 0-001 293 (P - k) 

(1 + 0.003670760 V 9 

ao A. T. Pienkowsky, in International Critical Tables. McGraw-Hill, New York 1926 
Vol. I, p. 78. • ' 
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where k is a correction term which depends on the amount of moisture in 
the air: 

k = 0.0038 /// y „ t0 (22) 

The vapor pressure of water at /° C., / y n,o, may be obtained from standard 
tables. It is convenient to prepare a set of linear graphs of I) vs. (P — k) 
from equation (21) for various values of /, from which the appropriate 
value of D can be quickly interpolated, as recommended by Weatherill and 
Brundage. 31 

Vapor Correction.—If, in measuring a volatile liquid, a pycnometer is 
used which encloses gas above the liquid level, the difference between the 
density of the enclosed gas (air + vapor) and the density of the outside air 
may cause a large error in the observed weight of the pycnometer contents. 
The correction, A IF, to the weight of the filled pycnometer increases with: 
(/) an increasing partial pressure of vapor, which depends on how nearly 
saturated with vapor the air becomes, as well as on the vapor tension of 
the liquid; (2) an increasing difference between the molecular weights of 
the vapor (A/,) and of air; and (3) an increasing volume (V g ) of the en¬ 
closed gas space, as shown in the following equations: 

Air = V, (rf.i, - d»ir + v.pnr) (23) 

V g is found experimentally and d,j r is calculated by equation (21); d.ir + vapor 
can be estimated from the vapor tension of the liquid, P f atm., the baro¬ 
metric pressure, P atm., and the room temperature, *°C. ( T° K.), accord¬ 
ing to equation (24), if the enclosed gas is saturated at atmospheric pres¬ 
sure and obeys the ideal gas laws with sufficient approximation: 


dair 


+ vapor 


PM. (P - P r ) . 
RT + P ^ ,r 


(24) 


where R is the gas constant, 82.06 cc. X atm. 

Consider for example the determination at 20° C. of n-pentane (Af p = 72, 
d = 0.61) in a 25-ml. pycnometer of type B for which V g = 2.5 ml. From tables 
we obtain P, = 425 mm. = 0.56 atm. at T = 293° K. Assuming d,j r = 0.0012 
g. per ml. and that the air is saturated at atmospheric pressure (P = 760 mm.- = 
1.00 atm.) we have: 

dair + vapor = 0.56 X 72/82 X 293 -f 0.44 X 0.0012 = 0.0022 

Thus, AIT = 2.5 (0.0012 - 0.0022) = -0.0025 g. If the weight of the filled 
pycnometer was observed to be 15.2075 g. greater than that of the empty pyc¬ 
nometer, the corrected value for the weight of the liquid n-pentane would be 15.2050. 
Without the correction the value of d would have been in error by 1.7 X 10 " 4 . 

31 P F. Weatherill and P. S. Brundage, J. Am. Chem. Soc., 54, 3935 (1932). 
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For 4th decimal accuracy the amount of vapor in the gas space can be made 
negligible in certain cases by flushing the free volume, V p , with air just after the 
'evel of liquid in the pycnometer is determined. The flushing is successful only if 
the liquid is separated from t he gas space by a sufficiently long and narrow capillary; 
for n-pentane at 20° C\, 5 cm. of 0.5-mm. (inside diameter) capillary is adequate 
protection against appreciable diffusion in 15 minutes. 

Sample Calculation.—The following data were obtained for a sample 
of ethyl alcohol using a pycnometer of type D. A prime on the symbol 
W ( e . g. t JF 2 ) indicates an apparent weight; the unprimed symbol (IF 2 ) 
refers to the true, vacuum-corrected, weight. The procedure is adapted 
to 5th decimal accuracy. 

Thermostat temperature, 25° C. =*= 0.005°. IF tare is assumed constant. 
Calibration 

(/) Apparent weight of empty pycnometer (ITI + lF Ur «): 

The empty pycnometer balances the tare and W[ grams of brass weights; 
IF,' * 1.1013 4 g. 

(2) Apparent weight of pycnometer filled with V p ml. of pure water at 25° C. 
(IF* 4* l^t»re) • 

Balance room t — 30° C. P — 740 mm., II = 75%. 

The pycnometer filled with water balances the tare and IF 2 grams of brass 
weights; IF* = 26.4251 4 g. 

Determination 

(S) Apparent weight of empty pycnometer (II r i + H'ure): 

The empty pycnometer balances the tare and IFj grams of brass weights; 
IF,' - 1.1012, g. 

{/,) Apparent weight of pycnometer filled with Y p ml. of ethyl alcohol at 25° C. 

(W: + Wun,): 

Balance room t = 20° C. P = 760 mm., II = 10%. Vapor absent from cup. 
The pycnometer filled with' alcohol balances the tare and IF*' grams of brass 
weights; IF*' = 21.0316, g. 

Now evaluate the true weight differences (IF). Since the small buoyancy correc¬ 
tions to W[ and ll'j nearly cancel out in calculating d, we can use \V[ = ll'l and 
Wz = Wz for fifth place accuracy when TFi ^ 1, 2 ^ d ^ 0.5 and V p J 15. 
Thus the value of !F pyc . is (1.1013* + lF Urc ) for the calibration and (1.1012s + 
IF,arc) for the determination. For the filled pycnometers IF may be found from 
equation (18). In making the buoyancy corrections it is sufficiently accurate to 
calculate the value for the volume of liquid in the full pycnometer (1%) with the 
uncorrected weights (IF'). Accordingly: 

v p = (W, - Wb/eOnn « 25.325/0.997 = 25.40 ml. 

The air density during weighing (2) was (eq. 21): 

D _ 0.001293 (740 - k) 

air “ 1 + (0.00367)30 ’ 760 
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where k = (0.0038)(75)(31.8) = 9.1, since P Hf0 - 31.8 mm. at 30° C. 
Thus Z> air = 0.00112 g./ml. Substituting in equation (23): 

26.43 \ 

8.5 ) 

W t = 26.4251 4 + 0.0249: 

\V t - 26.4501, 

Thus the true weight of the pycnometer filled with water is (26.4501, + 
JFure). 

W A is obtained in a similar way. With P H|0 (20° C.) = 17.5 mm., for a 
humidity of 10%, using equations (21) and (22), k = 0.7 and D. ir - 
0.00120 g./ml. 

21.06 X 
8.5 ) 

Wi - 21.0316, + 0.0275, 

W A - 21.0592, 

Thus the true weight of the pycnometer filled with alcohol is (21.0592 0 + 


W 4 = 21.0316, + 0.00120 25.40 


o 


W, = 26.4251. + 0.00112 (25.40 


Volume of Pycnometer, V p .—'The true weight of water JF H ,o corresponding to V p 
is given by TT Hl o - - W x = 25.3487 7 . According to equation (2): 

V , = Wmo/dfcun = 25.3487,/0.99707, = 25.4231, ml. 

Density of Sample .—The true weight of alcohol I^CiH.oh corresponding to V p 
is given by TFcjHsOH = W t - IF, = 19.9579, g. According to equation (2): 


<^ 5 <C.h.oh) 


Wch.oh 


V, 


19.9579, . . 

25123T, g /ml 


= 0.78503, g./ml. 


D. DILATOMETERS 

The most convenient method of measuring densities of a given sample at 
many different temperatures with high precision (<t l — d il can be easily 
measured to ±1 X 10“ 6 ) depends on the principle of the dilatometer. 
Changes in volume as a function of temperature are determined by ob¬ 
serving the change in level of the liquid in a capillary attached to a bulb 
(thermometer type), or by weighing the liquid displaced from a completely 
filled vessel when the temperature is increased (weight type). 

One form of weight dilatometer equivalent to that developed by Bur lew,” 

” R. E. Gibson and O. H. Loeffler, /. Am. Chem. Soc., 61,2515 (1939). 
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is shown in figure 4. It is preferably made of vitreous silica so as to mini¬ 
mize the correction for thermal expansion of the vessel. The dilatometer 
is partly filled with mercury, and the remaining space with the liquid under 
investigation, L. The total volume is defined by the optically flat surfaces, 
S, and the tip, T, of the narrow mercury-filled capillary. This volume is 
determined at various temperatures by a calibration with mercury and 
water. When a certain amount of a liquid L is confined between S and 
the mercury surface and the temperature is raised, the expansion of L 
and of the mercury forces some of the latter out of the capillary into a 
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Fig. 4.—Weight dilatometer. 


previously weighed dish. By determining the weight of mercury in the 
dilatometer at both temperatures, the change in volume of L can be cal¬ 
culated if one also knows the change in volume of the dilatometer and the 
density of mercury at each temperature. The absolute value of the den¬ 
sity at any temperature can be found by using the dilatometer as a pycnom¬ 
eter. In order to place into the dilatometer at any temperature a known 
amount of mercury so that the capillary is filled to tip T, the vessel is 
warmed while capillary tip T is immersed in a weighed dish of mercury. 
On cooling, some of the latter is sucked back into the dilatometer. 

A detailed description of other convenient forms of the dilatometer is 
given by Gibson 33 and by Pesce and Hoelemann. 34 A more elaborate ap¬ 
paratus for especially precise work (1 X 10“*) is described by Geffcken et 

” R. E. Gibson, J. Phys. Chem., 31, 498 (1927). 

34 B. Pesce and P. Hoelemann, Z. Elektrochem., 40, 1 (1934). 
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al36 Ton « and Olson 34 have described a dilatometer which is designed to 
allow measurements of reaction rate for cases involving an appreciable 
difference between the volumes of reactants and products. The effect of 
the heat of reaction is taken into consideration. Observations of volume 
changes, instead of weight changes, are the basis of the method. 

2 . Buoyancy Methods 

A number of methods for measuring density are based on Archimedes’ 
principle, which states that the upward buoyant force exerted on a body 
immersed in a liquid is equal to the weight of the displaced liquid. 

A. HYDROSTATIC WEIGHING METHOD OK KOIILKAUSCII (SUSPENDED SINKKIi) 

An ordinary gravimetric balance can be adapted to high-precision density 
measurements by removing one of the pans and attaching to the balance 
arm a long, fine platinum wire at the end of which is fastened a cylinder 
of glass or metal (“sinker”). The wire passes through a hole in the plat¬ 
form of the balance so that the sinker may be conveniently immersed in 
a column of thermostated liquid placed below the balance case. 

The combined sinker and wire are weighed first in air (t.e., balanced by 
]V a grams of weights), then in the liquid (»','). The surface of the liquid 
is brought to the same mark on the platinum wire each time so that the 
wire always contributes the same (small) amount to the total volume, V„ of 
immersed solid. The apparent loss in true weight, IT, — \V L% is equal to 
the mass of displaced liquid. Thus the density is: 

d = (IV A - W L )/V t (25) 

Here \V without the prime refers to weights corrected for the buoyancy in 
air of the weights W' and of the sinker, t. e., W A = W A + D(V t - V u ) and 
W L = Wi — DV W (see Eq. 18). Volume V t is determined, using equation 
(25), by a calibration with water, or preferably with a secondary standard 
having a surface tension and density close to that of the sample. 

The usual Mohr-Westphal balance, 37 which is commercially available, 
is a direct-reading instrument based on the above principle and can be used 
in certain cases (nonvolatile, nonhygroscopic liquids) for rapid measure¬ 
ments requiring 3rd decimal accuracy. An instrument especially conven¬ 
ient for routine hydrostatic weighings of similar accuracy is the torsion 
balance (see page 294). Convenient adaptations of analytical balances 
suitable for higher accuracy also can be purchased. 

“ W. Geffcken, A. ICruis, and L. Solana, Z. physik. Chem., B35, 317 (1937) 

“ L. K. J. Tong and A. It. Olson, J. Am. Chem. Soc., 65, 1704 (1943). See also F. R. 
Mayo and J. J. Katz, ibid., 69, 1339 (1947). 

31 J. Reilly and W. N. Rac, Physico-chemical Methods. 3rd ed., Vol. I, Van Nostrand, 
New York, 1939, p. 500. 
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Differential methods, employing identical sinkers suspended from each 
balance arm, allow a more direct comparison of sample and standard and 
provide for partial cancellation of errors. 

The hydrostatic weighing method is rapid, lends itself readily to meas¬ 
urements of a given sample at a number of different temperatures, when the 
volume of the sinker is known as a function of temperature, and can give 
very precise results. Under optimum conditions, 38 the reproducibility of 
the measurements of d is as high as ±2 X 10 -8 ; for the directly observed 
difference , A d = d — da, between solution and solvent, the reproducibility 
has been increased to ±3 X 10~ 7 by Redlich and Bigeleisen. 39 However, 
the values obtained by this method are subject to an uncertainty arising 
from the surface tension effect between the liquid surface and the wire. 
This effect is strongly influenced by the presence of impurities. With a wire 
which is platinized in the region at which it contacts the liquid surface, 
the error caused by a change of 1 dyne per cm. in surface tension is prob¬ 
ably not greater than 1 X 10 -5 in the absolute value of d, provided the wire 
is 0.1 mm. or less in diameter. 

Schulz 40 has described a vessel for immersing the sinker which is es¬ 
pecially suited to the precision measurement of solutions of volatile or hy¬ 
groscopic organic liquids. An accuracy of ±\ X 10 _s is obtained using 
about 50 ml. of sample. Forziati et al. Al give detailed instructions for the 
assembly and calibration of a density balance useful for hydrocarbons and 
other liquids. The method allows a determination every 20 minutes on 9 
ml. of sample with an accuracy of 5 X 10 ~ s and a reproducibility of 2 X 
10~ 6 g. per ml. 

B. ELASTIC HELIX (SUSPENDED FLOAT) 

An ingenious device for precise, rapid measurements of the density of 
both liquids and vapors has been described by Wagner, Bailey, and Ever- 
sole. 42 A quartz float is attached to an elastic quartz helix and mounted 
in a long thermostated tube containing the fluid under investigation. 
The float end of the helix is free to move so that the helix is stretched by 
the buoyant force acting on the float. The density of the medium can be 
found from the change in length of the helix. 

This method has two particular advantages: it responds rapidly to 

* H. E. Wirth, J. Am. Chem. Soc., 59, 2549 (1937); W. Prang, Ann. Physik, 31, 681 
(1938) 

39 O. Redlich and J. Bigeleisen, J. Am. Chem. Soc., 64, 758 (1942). 

40 G. V. Schulz, Z. physik. Chem., B40, 151 (1938). 

41 A. F. Forziati, B. J. Mair, and F. D. Rossini, J. Research Xatl. Bur. Standards. 35, 
513 (1945). 

42 G. H. Wagner, G. C. Bailey, and W. G. Eversole, Ind. Eng. Chem., Anal. Ed., 14, 
129 (1942). 
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changes in density; and it is suited to investigations in which the fluid must 
be kept in a closed system. The accuracy of the method is limited only by 
the precision of the temperature and pressure control, assuming that a 
large amount of sample is available. The authors report that, with a float 
of 1.35 ml. attached to an unstretched helix 4 cm. long and 0.9 cm. in di¬ 
ameter, the density of water was obtained to within ±0.00003 over the 
temperature range from 10° to 35°. The method is evidently very well 
suited to following the course of a reaction. Unfortunately, there Is a great 
amount of labor involved in the calibration of the helix. 

C. FREE FLOATS 

Hydrometers may be mentioned without much further discussion. These 
instruments are well known and suitable for rough determinations only. 
Even with large amounts of sample (25 to 50 ml.), the accuracy is not 
higher than ±0.001, and each liquid requires a different calibration due to 
differences in surface tension. However, on the principle that a totally sub¬ 
merged solid object will neither rise nor fall when its effective density is 
exactly equal to that of the immersing liquid depend the most accurate 
methods for measuring small density differences (Ad) between two liquids. 
The exact condition of floating equilibrium is usually ascertained by direct 
observation of the float with a telescope. This method has been used for 
measuring small changes in Isotope content. 4 * 

Various methods have been used for changing the effective density of 
the float relative to that of the liquid so as to accommodate a single appara¬ 
tus to a variety of liquids. Most successful is the method of Lamb and 
Lee 44 who used a magnetically controlled float. A small bar of iron was 
sealed into the tail of the glass float. By passing a proper amount of current 
through an adjacent solenoid, a magnetic force could be applied which was 
just strong enough to balance the upward buoyant force. The greater 
the current required to obtain equilibrium, the greater is the density of 
the liquid. By placing various weights on top of the float, a wide range of 
densities could be covered with a single float. An accuracy of about 
±1 X 10 ~ 7 in A d was obtained. Subsequent refinements were made, espe¬ 
cially by Geffcken el a/., 45 who used a differential method allowing the di¬ 
rect comparison of relatively small amounts (~ 60 ml.) of two solutions. 
The extremely high accuracy of ±2 X 10" 8 in A d was obtained, corre¬ 
sponding to concentration differences of about 0.1 mg. sodium chloride 
per liter of aqueous solution. The technique is laborious. 

43 See, for example, N. F. Hall and O. R. Alexander, J. Am. Chem. Soc., 62, 3455 
(1940); H. J. Emeleus el al., J. Chem. Soc., 1934, 1210. 

44 A. B. Lamb and R. E. Lee, J. Am. Chem. Soc., 35, 1668 (1913). 

“ W. Geffcken, C. Beckmann, and A. Kruis, Z. physik. Chem., B20, 398 (1933). See 
also N. F. Hall and T. O. Jones, J. Am. Chem. Soc., 58, 1915 (1936). 
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A simplified more practical version of the magnetically controlled float 
has been described in detail by Richards. 46 His “electromagnetic densi¬ 
tometer” was used to measure 200 small samples (5 ml. each) of petroleum 
oil every 8 hours. The values of d can be read directly from a graph of d 
vs. the solenoid current. A calibration was made with known liquids, 
and an accuracy of 1% in d was obtained. Measurements with this par¬ 
ticular model were limited to the range d = 0.62 to d = 0.82 to avoid sacri¬ 
fices in accuracy. However, the range of this type of densitometer can 
be shifted or widened, depending on the design; and, in principle, both the 
range and the accuracy can be increased at the same time by making the 
float so that its weight may be changed by the addition of some dense 
metal, as in the method of Lamb and Lee. 44 

There are other methods for controlling a free solid or liquid float: 

(/) The temperature of a liquid is varied until the density of the liquid 
becomes equal to that of the float. Owing to the marked difference be¬ 
tween the coefficients of expansion of liquids and solids, the density of the 
liquid changes much more rapidly than the solid submerged in it. The 
“temperature of flotation” is nearly a linear function of the concentration 47 
for a given solute, and is used principally as a measure of small concentra¬ 
tion changes. Randall and Longtin 48 have adapted the method to small 
amounts of solution (0.1 ml.). 

(2) The pressure on a liquid is adjusted until the volume of the float 
changes sufficiently to allow floating equilibrium. 49 The method is suit¬ 
able for the routine measurement of small variations (<10~ 4 ) in d. The 
rising or falling of the “Cartesian diver” can be made very sensitive to 
pressure changes so as to allow the detection of density differences as small 
as 10“ 7 . Gilfillan and Polanyi 60 describe a Cartesian diver which is at¬ 
tached to a capillary tube containing the sample. By immersing the entire 
assembly in a reference liquid, very small amounts (0.005 ml.) can be com¬ 
pared directly with the standard. 

(3) Density Gradient Tube.—A drop of liquid rises or falls to a position of 
floating equilibrium when immersed in a vertical column of immiscible 
fluid which has a continuous gradation of density as a function of column 
height. It is possible to prepare a column with a linear density gradient, 
which develops due to diffusion when one liquid is carefully placed without 
mixing on top of another liquid of greater density. In such a gradient the 
density of a drop can be determined by linear interpolation from its posi- 

44 A. R. Richards, Ind. Eng. Chem., Anal. Ed., 14, 595 (1942). 

47 T. W. Richards and J. W. Shipley, J. Am. Chem. Soc., 36, 1 (1914). 

48 M. Randall and B. Longtin, Ind. Eng. Chem., Anal. Ed., 11, 44 (1939). 

* 9 See, for example, E. S. Gilfillan, Jr., J. Am. Chem. Soc., 56, 406 (1934). 

40 E. S. Gilfillan, Jr., and M. Polanyi, Z. physik. Chem., A166, 254 (1933). 



282 


N. BAUER 


tion with respect to a pair of standard drops. Solid particles should he 
amenable to the same treatment. 

Linderstr0m-Lang el al. bl developed this method as a convenient means 
of continuously observing the progress of slow biochemical reactions in¬ 
volving very small quantities of material, e. g., the hydrolysis of 10~ 4 ml. 
of 0.2 M alanylglycine. It was later applied to the analysis of heavy 
water. 62 A precision of about 5 X 10g. per ml. has been attained with 
0.1-mm. 3 drops, corresponding to the detection of 0.005% excess deute¬ 
rium; greater precision seems possible. Variations in size of the sample 
drop are not critical and the requirements of temperature control are less 
stringent than with the falling drop method. The difference in coefficients 
of thermal expansion of sample and surrounding medium, rather than con¬ 
vection currents, fix the influence of temperature. Thus for a water drop 
in kerosene-bromobenzene, a change of 0.001° C. would cause a change in 
position of the drop corresponding to 1 X 10“* g. per ml.; in a good ther¬ 
mostat the influence of temperature changes should be even less than this 
amount, particularly if the standard drops are fairly close to that of the 
sample and if the positions of each drop are measured at nearly the same 
time. 

The Linderstr 0 m-Lang apparatus is very simple, consisting of a vertical 
glass tube 20 cm. in height and 25 mm. in diameter connected at top and 
bottom to bulbs of about 200-ml. capacity. A stoppered neck on the top 
bulb allows access to the tube. The volume of the bottom bulb is made 
equal to that of the top bulb plus its neck. In preparing the gradient, two 
appropriate liquids are selected, one having a density somewhat greater 
than the maximum value to be measured, the other somewhat below the 
minimum. The more dense liquid is poured in up to the middle of the 
connecting tube and after thermostating at t° C. the second liquid, also at 
t° C. f is cautiously added without mixing to nearly fill the neck. The 
gradient becomes linear more rapidly if the two layers within the connecting 
tube only are now mixed by gentle rotation of a spiral rod for a fraction of a 
minute; within one or two days the tube is ready for use and will last for 
several months if kept in the thermostat. Several tubes should be made 
up if measurements are to be required more than once each six hours, since 
it takes about this long for a gradient to be re-established after removal of 
a drop. The range covered by a single tube is inversely proportional to 

61 K. Linderstr0m-Lang and H. Lantz, Jr., Compl. rend. trav. lab. Carlsberg, Ser. chim., 
21, 315-337 (1936-38); reprinted in Mikrochim. Acta, 3, 210-230 (1938). See also 
C. Anfinsen, in Preparation and Measurement of Isotopic Tracers, D. W. Wilson, A. O. C. 
Nier, and S. P. Reiman, eds., Edwards, Ann Arbor, 1946, pp. 61-65. 

M K. Linderstr0m-Lang, O. Jacobsen, and G. Johansen, Compt. rend. trav. lab. Carls¬ 
berg, Sfr. chim., 23,19-26 (1938-41). 
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the accuracy; a tube covering 0.01 g. per ml. (<*. fit., 0 to 10% L) 2 0) allows 
5th decimal accuracy. 

Measurements and tests of linearity are performed by pipetting drops 
of sample and standard into the filled portion of the neck and determining 
their final relative positions with a cathetometer, to ±0.02 mm. About 
15 minutes is required for equilibrium in a 5th decimal tube. It may be 
necessary to take into account the mutual solubility of the drops and the 
medium. 61 * 62 

D. FALLING DROP 

The falling drop method of Barbour and Hamilton, 63 which is especially 
useful for the rapid precision measurement of small amounts of liquid, 
is based on the following principle: An insoluble spherical drop falling 
through a given liquid will acquire a constant velocity, v, characteristic 
of its size and density. This steady state is reached when the gravita¬ 
tional, frictional, and buoyancy forces are just balanced. All other things 
being constant, the rate of fall at low velocities is proportional to the dif¬ 
ference (di — do) between the density d x of the drop and do of the medium 
(Stokes law), that is: 

p, = A*(d, - do) (26) 

By determining the time l required for the drop to fall through a fixed 
distance x, it is possible to determine accurately the density of drops as 
small as 0.001 ml. provided that an appropriate calibration has been made 
with known liquids. Thus, since x = vih, it is apparent from equation 
(26) that for a given medium and a given drop size: 

tt/h = (d, - *)/(* - do) (27) 

where h refers to the time of fall through the same distance x for a drop of 
known density d 2 . Actually, equation (27) cannot always be applied. In 
general, an empirical calibration curve of d vs. t is used. According to 
Hochberg and LaMer, 64 there is a deviation from the simple linear rela¬ 
tion between d and (1/0 (Eq. 27) which becomes greater, the greater the 
velocity of the drop, i. e. } the greater the distortion of the drop from a per¬ 
fect sphere. By making appropriate corrections, these authors were able 
to report values of Ad to ±1 X 10 -5 . 

A convenient method of plotting nonlinear calibration curves for an ac- 

63 H. G. Barbour and W. F. Hamilton, J. Biol. Chem., 69, 625 (1926). See also R. H. 
Barbour, Jr., Yale J. Biol. Med., 14, 107 (1941). 

54 S. Hochberg and V. K. LaMer, Ind. Eng. Chem., Anal. Ed., 9, 291 (1937). 
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curacy of 1 X 10is given by Cohn. 55 The distortion effect is negligible 
for an accuracy of ± 1 X 10 _4 , so equation (27) may be used in this case if 
the apparatus has been designed to eliminate other disturbing factors such 
as convection currents in the medium. 

The apparatus required for the falling drop method is very simple. It 
consists chiefly of a tall, jacketed cylinder having two fine marks separated 
by a distance of about 20 cm., a stop watch, and a micropipette 56 for de¬ 
livering droplets of uniform size. To allow temperature equilibrium, the 
drop should fall through about 20 cm. of slightly colder fluid before passing 
the first mark; to avoid end effects the last mark should be about 10 cm. 
above the bottom of the cylinder.** The diameter of the cylinder should 
be at least three times that of the drop. A convenient apparatus for rapid 
measurements good to ±0.001 has been described in detail by Hoiberg, 67 
who applied the method to petroleum oils using alcohol-water media. 
Falling drop gravitometers are available commercially.* 8 

There are certain limitations to the applicability of the falling drop 
method: 

(1) The range of densities which can be measured with a given medium 
is relatively small. In order to obtain an accuracy of ±0.001, the differ¬ 
ence between the densities of the liquid and the medium cannot be greater 
than about 0.05. Thus a large number of independently calibrated units 
would have to be set up and used by trial and error if the method were to 
be applied to a wide variety of unknown liquids. 

(2) Difficulty may be encountered in finding a liquid medium which is 
not miscible with the sample and which has a density fairly close to that of 
the sample. 

(5) Better temperature control is required for the falling drop than for 
any other differential method in order to minimize the effect of convection 
currents. Hoiberg 57 finds that a control to ±0.2° is required for an ac¬ 
curacy of ±0.001. 

The falling drop method is well suited to the rapid routine detection of 
small changes in concentration. It was first developed as a rapid hospital 
technique for detecting changes in the composition of blood. A complete 
measurement can be made every minute or so if the samples are similar. 

“ M. Cohn, in Preparation and Measurement of Isotopic Tracers. D. W. Wilson, 
A. O. C. Nier, and S. P. Reiman, eds., Edwards, Ann Arbor, 1946, pp. 51-59. 

" F. Rosebury and W. E. van Heyningen, Ind. Eng. Chem., Anal. Ed., 14, 363 (1942); 
K. Fenger-Erickson, A. Krogh, and H. Ussing, Biochem. J., 30, 1264 (1936). 

67 A. J. Hoiberg, Ind. Eng. Chem., Anal. Ed., 14, 323 (1942). 

“ LaMotte Falling Drop Densitometer, LaMolte Chemical Products Co., Towson, Balti¬ 
more, Md. Eimer and Amend Falling Drop Apparatus, Eimer and Amend, New York, 
N. Y. 
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The application to heavy water analysis in isotope tracer work is thor¬ 
oughly discussed by Cohn, w who also gives a valuable general treatment of 
the method. 

3. Balanced Column Method 

Ciochina 69 has described a very simple device which is suited to the rapid 
measurement of liquids which must be kept in a closed system, e. g ., volatile 
liquids. The relatively high accuracy of ±0.0005 is possible and only 1 or 2 
ml. of the liquid is required. The method is based on the principle that 
the hydrostatic pressure of a given height of liquid is proportional to 
the density of the liquid. In Ciochina’s apparatus, the liquid of unknown 
density d is contained in a U tube (diameter, 2 mm.) through one arm of 
which an arbitrary pressure is applied. The resulting difference A h in 
the height of the liquid menisci in the two arms of the tube is measured on a 
millimeter scale and is compared with the difference Ah Q obtained when the 
same pressure is simultaneously applied to a liquid of known density do in a 
similar U tube. The density is then calculated from the relation: 

d/do = Aho/Ah (28) 

Alternatively, the millimeter scale may be calibrated to read directly in 
terms of d by using a number of known liquids. 

The range may be extended by using various reference liquids or by 
increasing the height of the U tube. The apparatus can be easily con¬ 
structed in the laboratory from glass tubing and a few stopcocks. A 
compact, direct-reading instrument of this type, known as the Fisher- 
Davidson gravitometer, is available commercially. 60 This instrument 
covers the range from d = 0.60 to d = 2.00 with an accuracy of about 
0.1-0.2%, and requires from 0.3 to 0.7 ml. of sample, depending on the sub¬ 
stance. Frivold 61 has described a balanced column method for measuring 
small differences in density with an accuracy of about ±2 X 10~ 7 . Using a 
column of 150 cm. in a modified form of Ciochina’s apparatus, an accuracy 
of 2 X 10“ 4 was attained by Seaman and Ilugonet. 62 

4. Measurements with Small Quantities of Liquids 

The requirements of micro density methods suitable for the characteri¬ 
zation of organic substances have been reviewed by Alber. 63 Amounts 
of liquid less than about 0.020 ml. are considered to be microsamples. 

“ J- Ciochina, Z. anal. Chem., 107, 108 (1936); 98, 416 (1934). See also E. Wied- 
brauck, Z. anorg. Chem., 122, 167 (1922). 

w Fisher Scientific Co., Pittsburgh, Pa. D. Davidson, M. Popowsky, and P. Rosen¬ 
blatt, U. S. Pat. 2,328,787 (Sept. 7, 1944). 

61 O. E. Frivold, Physik. Z., 21, 529 (1920). 

«* W. Seaman and J. J. Hugonet, Ind. Eng. Chem., Anal. Ed., 18, 141 (1946). 

« 3 H. K. Alber, lnd. Eng. Chem., Anal. Ed., 12, 764 (1940). 
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Micromethods which are applicable in special cases are the gradient tube 
method (page 281), the falling drop method (page 283), and the “Schlieren” 
method 61 61 which is based on the microscopic observation of the striations 
produced when the unknown liquid flows into a liquid of known density. 
The technique for the latter is laborious, but accurate to ±0.0005 even on 
samples as small as 0.003 ml. 

Micropycnometric methods are applicable to all liquids and involve no 
appreciable loss of sample. A simple pipette made from a piece of straight 
capillary tubing is a convenient micropycnometer. With liquids of low 
viscosity, the capillary ends may have an inner diameter as small as 0.005 
mm., thus reducing loss by evaporation. The accuracy may be improved 
by placing ground glass caps over the ends. The ease of handling and the 
accuracy of defining the volume are both greatly enhanced by using several 
calibrated reference marks along the length of the capillary (compare type 
F, Fig. 1), so no tedious additions or removal of liquid are necessary. 
Using a microbalance, an accuracy of about 0.1% can be obtained with 
samples as small as 2 mg. For 4th place accuracy, 20-mg. samples are 
required. 

Furter 65 has described a technique for using the graduated pipette 
micropycnometer at temperatures up to 300° C., thus providing for the 
relatively simple characterization of many substances which are solid at 
room temperature. 

IV. MEASUREMENT OF DENSITY OF SOLIDS 
1. General. Preparation of Samples 

The methods for solids are considerably less exact than those for liquids, 
part of the uncertainty being due to the inhomogeneities (cracks, trapped 
air bubbles, occluded mother liquor) which all crystals have to some de¬ 
gree. The density of individual crystals taken at random from the same 
source may vary as much as 5%. The effect of inhomogeneities may be 
minimized by using crystal fragments obtained by cooling the molten sub¬ 
stance. To eliminate cracks and strains, the fused solid should be crushed 
into a coarse powder. The technique of growing large homogeneous crys¬ 
tals from melts has so far been applied mainly to simple inorganic com¬ 
pounds. 66 Its more extended application to organic crystals would allow a 
considerable improvement in the accuracy of the density measurements. 67 
No matter what method of preparation is used, more than one sample 

61 J. Gicklhorn, Mikrochemie, 22, 1 (1937). 

64 1. M. Furter, Helv. Chim. Ada, 21, 1666 (1938). 

66 S. Kyropoulous, Z. anorg. Chem., 154, 308 (1926). 

87 S. B. Hendricks and M. E. Jefferson, J. Optical Soc. Am., 23, 299 (1933). 
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should be measured. Practically all methods of measurement depend on 
immersing the solid in some inert fluid, liquid or gaseous, of known density. 
The choice of the immersion fluid will depend on the solid and on the 
method. For convenience one often selects a liquid in which the solid is 
completely insoluble; however, saturated solutions can also be used, 
sometimes to considerable advantage (see Section 2c). It is important to 
ascertain that the fluid does not dissolve in the solid; errors of several per¬ 
cent in the density of cellulose fibers have been traced to the use of water 
as the immersion fluid which was shown to penetrate the homogeneous 
part of the solid. 68 

2. Displacement Methods 

A. VOLUMENOMETERS 

Volumenometers allow one to evaluate the volume of a known weight of 
solid from the volume, V DL , of a fluid which is displaced by the submerged 
solid. A bottle such as that of type D in figure 1, filled with liquid up to 
mark M on the neck, serves as a volumenometer. A known weight, W s , of 
an insoluble solid is dropped into the liquid through the neck tube. If the 
density, d s , of the solid is greater than that of the liquid, the level of liquid 
in the tube will be raised above M by an amount, Ah, which corresponds 
to the volume, V s , of the W s grams of solid added. We then have: 

d s = W S /V DL = W s /(Ah)A (29) 

where V DL is the volume of the displaced liquid and A is the uniform 
cross-sectional area of the tube. 

The value of A can be found from the tube’s inner diameter or by a cali¬ 
bration with known weights of some standard liquid. The change in level 
(Ah) can be found with a cathetometer or, more simply, from a calibrated 
scale placed on or in back of the tubular neck. An accuracy of about 1% 
is possible with this method. Another convenient form of volumenometer 
is described in Ostwald-Luther. 69 Blank and Willard 70 describe a mercury- 
filled volumenometer for measuring to within about 5% especially small 
samples (0.03 ml.) with densities less than 13.6. The use of mercury allows 
the determination of bulk density since this liquid does not wet the surface 
of many solids and thus does not penetrate any but the large holes of most 
porous materials. 71 Some dilatometers (see page 276) can be used as volu¬ 
menometers. 

«* P. H. Hermans and D. Vermaas, J. Polymer Sci., 1, 149 (1946). 

69 Ostwald-Luther, Physiko-chemische Messungen. 5th ed., Akadem. Verlagsgesell- 
schaft, Leipzig, 1931, p. 240. 

70 E. W. Blank and M. L. Willard, J. Chem. Ed., 10, 109 (1933). 

71 E. G. Stern and P. S. Dear, ASTM Bull., 135, 35 (1945). 
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In cases where it is not desirable or possible to immerse the solid in a 
liquid, some gas may be used as the medium which is displaced. 7 * This 
technique is indispensable at very low temperatures. 73 The results can be 
affected adversely if adsorption of the gas occurs. The use of purified 
helium eliminates this source of error in many cases, but this gas is apt to 
dissolve in some solids. 71 Schumb and Rittner 75 describe in detail a helium 
volumenometer which permits an accuracy of 0.1% on 0.5-cc. samples of 
solid powders. Air instead of helium in the same apparatus caused an 
error of 15% in one case where air adsorption was large (zinc oxide). 

The type of gas adsorption apparatus commonly employed to measure 
the surface area of a solid can be adapted to the determination of the true 
density of porous or other solids, as shown by Krieger. 76 

B. PYCNOMETERS 

Ordinary liquid pycnometers (Fig. 1, types A, B, C) can be used for 
solids. The principle of the method is practically the same as that already 
discussed for volumenometers. In the pycnometric method, the volume of 
the solid is more accurately found by determining the changes in weight 
when the vessel is successively filled with a liquid of known density, solid 
plus air, and solid plus liquid. 

With due precautions, an accuracy of about ±0.0005 in d <oIid can be 
achieved, using several grams of solid. The pycnometer tends to give for 
solids values of d which are too small. The principal drawback to the 
pycnometric method is the difficulty of completely removing all the air 
or moisture trapped by the solid. To minimize this effect, the liquid in 
contact with the solid should be boiled under low pressure for 10 or 15 
minutes. The addition of wetting agents is sometimes necessary; and it 
may also be desirable to provide special means for agitating the solid. 77 
A valuable discussion of this occlusion effect and of other sources of error 
in the pycnometric method is given by Wulff and Heigl. 78 Baxter and 
Hawkins 79 have described the technique to be used with extremely hygro¬ 
scopic solids. 

Measurement of Density of Fine Powders.—When the particle size is 

72 J. Reilly and W. N. Rae, Physico-chemical Methods. 3rd ed., Vol. I, Van Nostrand, 
New York, 1939, p. 470. 

72 W. Biltz el al., Z. physik. Chem., A151, 1 (1930). 

74 P. H. Hermans and D. Vermaas, J. Polymer Sci., 1, 151 (1946). 

7 ‘ W. C. Schumb and E. S. Rittner, J. Am. Chem. Soc., 65, 1692 (1943). 

76 K. A. Krieger, Ind. Eng. Chem., Anal. Ed., 17, 532 (1945). 

77 E. L. Gooden, Ind. Eng. Chem., Anal. Ed., 15, 578 (1943). 

78 P. Wulff and A. Heigl, Z. physik. Chem., A153, 187 (1931). 

78 G. P. Baxter and C. F. Hawkins, J. Am. Chem. Soc.. 38, 266 (1916). 
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fine the enormous surface of the sample introduces forces, negligible with 
bulk samples, that are dominant and compel special consideration and 
special apparatus to avoid large errors. The cleanliness of the surface, 
even from adsorbed gas such as air, becomes both more important and 
more difficult, but the surface must be completely wet without compression 
of liquid at the interface, since Culbertson and Weber 80 and others have 
shown this leads to error. The liquid should, therefore, have a negligible 
dipole moment and low surface tension and viscosity as well. High purity 
of the immersion liquid is even more important than for the determination 
of bulk density because of surface adsorption effects and differential evapo¬ 
ration in a vacuum technique. 

If the solid is stable to heat, it is best to bake off adsorbed gases and 
vapors in a high vacuum. Otherwise such gases can be driven off by dis¬ 
placement with another gas, such as ammonia or carbon dioxide, that is 
completely soluble in the immersion liquid. 

Ruby and Loveland 81 describe a technique and apparatus in detail 
whereby the sample is kept under high vacuum after baking until com¬ 
pletely immersed. The liquid, which is kept at its own vapor pressure 
should, in addition to the properties listed above, have a very high boiling 
point. Dicyclohexyl, which was used, is such a liquid and is compara¬ 
tively easy to highly purify. Pycnometer type C for vacuum was used. 
It is necessary to anneal the Pyrex pycnometers very carefully to avoid 
hysteresis effects due to pressure and temperature, but their experience 
showed this to be possible to 5th decimal accuracy. 

Pycnometric Formulas.—The fundamental equation for the calcula¬ 
tion of density, d„ of a solid is: 

d, - \V,/V DL (30) 

where V DL is the volume corresponding to W, grams of solid; V DL can be 
regarded as the amount of liquid ( W DL grams, of density d L ) which would 
be displaced if W, grams of solid were put into a completely liquid-filled 
vessel (see Eq. 29): 

V DL = I V DL /d L (31) 

To evaluate W DL and IF,, the following weighings are made: 

(/) Pycnometer filled with liquid only: IFj = lF pyc . + W Lo 

(2) Empty pycnometer: IF* = IF pyc . 

(3) Pycnometer partly filled with 

solid: IF. = IF pyc . + IF, 

80 J. L. Culbertson and M. K. Weber, J. Am. Chem. Soc ., 60, 2695 (1938). 

81 W. R. Ruby and R. P. Loveland, J. Phys. Chem., 50, 345 (1946). 
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(4) Pycnometer containing the solid 
from (3) and enough added liquid 

to fill the vessel: W 4 = W' pyc + W, + \y r 

It is evident that: 


d. 


(H'a - W t ) 


(» r i - W 7 ) - <W 4 - H'j) 


(32) 


The most convenient way of calculating d , is to use the directly observed 
weights W', uncorrected for air buoyancy effects, in equation (32) which 
gives an approximate density d\. A correction to d\ is then made, accord¬ 
ing to the nearly exact formula of Johnston and Adams:” 


- </I + *>U - d'jd L ) (33) 

The density of air, D, is assumed to be constant; in this case, any error 
due to approximations in deriving equation (33) is usually in the 5th or 6th 
decimal and is negligible compared to the experimental accuracy. For 
4th decimal accuracy it is ordinarily safe to assume D = 0.0012 g. per ml. 
in equation (33). For this condition, table II furnishes values of the cor¬ 
rection to d, at various ratios d'jd L . 


Sample Calculation 

A sample of granular, homogeneous diphenyl was treated according to the above 
weighing procedure, using water as the displacement fluid in a pycnometer of type 
C (Fig. 1). The following data at 25.0° C. were obtained: W[ = 11.7865 g., 
Wi = 1.2059 g., Wi = 3.5521 g., W' 4 = 12.1416 g. Then (Eq. 32): 

, = _ (3.5521 - 1.2059) _ 

* “ (11.7865 - 1.2059) - (12.1416 - 3.5521) ° " 707 

= 1.1748 

It was observed (page 273) that D = 0.00116 g. per ml., so, from equation (33): 
d? = 1.1748 + 0.00116(1 - 1.175) = 1.1748 - 0.0002 
= 1.1746 g./ml. 


c. andreae’s method (dilatometer) 

Air bubbles and the influence of occluded mother liquor may be elimi¬ 
nated in a simple way whenever it is possible directly to prepare a sample of 
crystals within a dilatometer from a supersaturated solution and when 
the solubility of the substance can be determined with sufficient accuracy. 


82 J. Johnston and L. H. Adams, J. Am. Chem. Soc., 34, 568 (1912). 
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The entire volume, V L , of liquid in the dilatometer, including any which is 
occluded, is found from the following quantities: total weight, m a , of 
solvent in the dilatometer; total weight, m Ct of dissolved plus crystalline 
solid; concentration of solute in the saturated solution, c grams of solute 
per gram of solvent; density, d L , of the saturated solution. 

Then: d, = (m, - mj)/(V - V,) (34) 

and: V L - (1 + c)m,/d L (35) 

where V is the measured total volume of liquid plus solid in the dilatometer. 

This method has not received the attention it deserves. Originally due 
to Andreae, 83 it has been extended by Cohen and co-workers. 84 An accu¬ 
racy of 0.01% has been attained. 

3. Buoyancy Methods 

The application of Archimedes* principle (page 278) furnishes the most 
precise and reliable way of measuring solids. All of these buoyancy meth¬ 
ods, except the hydrostatic weighing method, are somewhat limited by the 
necessity of finding a liquid mixture in which the solid does not rapidly or 
appreciably dissolve. 

A. FREE FLOTATION (THOMSON*8 METHOD) 85 

When a solid neither rises nor falls through a liquid in which it is sub¬ 
merged, the densities of the solid and the liquid are equal. It is then only 
necessary to determine the density of the liquid. The method is, of course, 
limited to those solids for which can be found an immersion medium of 
sufficient density. The upper limit of d for liquids is about 3.6 grams per 
milliliter (e. g., aqueous barium mercuric iodide), which is sufficiently high 
to include most organic solids. There are several ways of applying the 
free flotation method. All have the advantage that crystals having inclu¬ 
sions of gases or liquids may be easily detected and rejected, since they will, 
in general, float in a medium which is not dense enough to float the more 
perfect ones. 

Precision Technique of Wulff and Heigl.—Wulff and Heigl 78 have de¬ 
scribed a useful apparatus based on the investigations of Retgers. 86 By 

83 J. L. Andreae, J. prakt. Chem., 30, 312 (1884); Z. physik. Chem., 76, 491 (1911); 
82, 109 (1913). 

8 ‘ E. Cohen and W. A. T. Cohen-deMeester, Proc. Acad. Sci. Amsterdam , 35, 1 (1932). 
E. Cohen and J. J. A. Blekkingh, Jr., ibid., 38, 842 (1935). 

86 H. Irving, Science Progress, 31, 660 (1937). 

88 J. W. Retgers, Z. physik. Chem., 3, 289 (1899). 
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arranging for temperature eontrol to ±0.02°, for transfer of the liquid to 
the pycnometer without danger of evaporation, and by other improve¬ 
ments, these authors were able to measure the densities of crystals weighing 
0.1 mg with an accuracy of ±0.005%. The density of the liquid mixture 
was adjusted approximately by the addition of one component, then 
changed continuously by the carefully regulated flow of dry air, which 
serves to mix the solution and to evaporate the more volatile component, 
when the solid particles have zero velocity, as shown by observation with a 
telescope, the liquid is forced into the attached pycnometer by air pressure. 

Andreae’s Pycnometric Method.—It- is unnecessary to transfer a sam¬ 
ple of immersion liquid for a separate measurement of its density if one 
uses a pycnometer as the vessel in which floating equilibrium is established. 
When the solid just floats, solid and liquid are equivalent, so the density 
of the solid may be found directly from the volume and mass of the contents 
of the pycnometer (liquid plus solid).' 7 In this case it is convenient to find 
the condition of equilibrium by adjusting the temperature rather than 
liquid composition. 

Centrifuge Method.—The convenience and speed of Thomson's method 
can be increased by subjecting the solid particles to an increased gravi¬ 
tational field. In addition, this allows measurements on very small sam¬ 
ples and highly viscous liquids may be used. 

Bernal and Crowfoot” describe the application of the centrifuge to this 
purpose. A two-component liquid mixture, made up to about the proper 
density, is added to a few particles of the solid in a centrifuge tube and 
then centrifuged at 2000-4000 r.p.m. for a few minutes. Some of the heav¬ 
ier or the lighter component is added to the mixture, depending on whether 
the crystals have fallen or risen in the tube. This is repeated until the 
suspended particles do not appreciably move when centrifuged. At this 
point, d so |id = dii Qu id. A sample of the liquid is removed and measured 
to ±0.001. In this way, Bernal and Crowfoot found the density of Cj.H,, 
(d = 1.244) with an accuracy of ±0.002, using only 0.05 mg. of sample. 
A higher accuracy is possible when larger crystals and a more powerful 
centrifuge are used. 67 

Temperature Variation Method.—The temperature of the immersion 
liquid, which is controllable to ±0.001° C., can be changed until the solid 
just floats. This method is convenient for a large number of accurate deter¬ 
minations on samples which have nearly the same density. Hutchison 
and Johnston 89 have used it to detect density differences as small as 5 X 

87 J. L. Andreae, Z. phyaik. Chem., 82, 109 (1913). 

88 J. D. Bernal and D. Crowfoot, Nature, 134, 809 (1934). 

w C. A. Hutchison and H. L. Johnston, J. Am. Chem. Soc., 62, 3165 (1940). 
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jq- 6_ The coefficient of expansion of the immersion liquid, as well as its 
density, must be known or measured. 

Density Gradient Tube.—See page 281. 


B. HYDROSTATIC WEIGHING 

The convenient, rapid method (see page 278) of finding apparent loss in 
weight by weighing a solid first in air, then immersed in a liquid, can be 
applied to a wide variety of samples. For large homogeneous specimens 
it can give results with a higher accuracy (~0.001%) than any other 
method. If the sample is a powder, it is placed in a cup suspended from 
the balance arm by a fine platinum wire. The hydrostatic method, like 
the pycnometric, has the advantage that the immersion liquid may have 
any density smaller than that of the solid. Moreover, a saturated 
solution of the solid may be used as the immersion liquid. The latter 
should have low viscosity and surface tension. Care must be exercised 
to prevent air bubbles from being trapped by the sample or the cup. 
The density of the solid, d 3 , is calculated from the relation: 



(36) 


where d L refers to the density of the liquid and H' 0 and W L to the true 
weight of solid in a vacuum and in the liquid, respectively. The observed 
weights W'o and W' L can be corrected for the buoyant effect of air by means 
of equation (18); however, it is usually permissible to substitute uncor¬ 
rected weights W in equation (36) and add a correction C to the resulting 
approximate density d,. The relation: 

C — Z>(1 — d' $ /d L ) (37) 

is valid under the conditions that the same air density and the same density 
of the weights prevail during the two weighings. 90 For the case where the 
air density D is within about 5% of the average value 0.0012 g. per ml., 
table II can be used to obtain the correction C for various ratios of d'jd L . 

If a cup is required to support the sample, the additional buoyancy cor¬ 
rections are preferably eliminated by hanging an identical tare cup from 
the opposite arm of the balance. During the determination of W L the 
tare and the cup must be suspended in an identical sample of liquid at the 
same temperature. The tare and the cup must be made of the same ma- 

90 A. T. Pienkowsky, in International Critical Tables. McGraw-Hill, New York, 
Yol. I, 1926, p. 80. 
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ferial, should weigh as little as possible, and should be carefully adjusted 
to the same weight within the limits of sensitivity of the balance. In the 
absence of a tare a correction must be applied to \V' 0 for the buoyancy of 
the cup in air (Eq. 18) and to W’ L for the buoyancy of the cup in liquid. 
1 he latter quantity may be large and is simply equal to the apparent 
weight (corrected to vacuum) of the immersed cup. 

The method is especially convenient when the weighings are made with 
a torsion microbalance. 78 91 Suitable balances of this type are available 
commercially. 92 For samples of 5 to 25 mg., the Berman density balance, 
equipped with weighing pans and wire suspension, is very satisfactory. It 
gives an accuracy as high as 0.2% of d on 25-mg. samples. The effect of sur¬ 
face tension is cancelled out by letting an extension of the wire dip into the 
liquid while weighing in air. 

The usual torsion balance is not in itself capable of an accuracy better 
than about 0.1%; increases in absolute sensitivity may be achieved only 
at the cost of a decrease in maximum load, resulting in a nearly constant 
percentage error over a wide range of weights. However, the accuracy of 
density measurements may be increased to about 0.01% by using an analyti¬ 
cal or microbalance for the weighing in air while still making the weighing 
in liquid with the more convenient torsion balance. In this case a large 
enough sample is taken to give the requisite percentage accuracy in \V 0 and 
an immersion liquid is selected whose density is nearly equal to that of the 
solid. The latter condition insures that W L is very small and thus, as can 
be seen from equation (36), the error in d, is mainly determined by the 
error in d L . ' 

When using the torsion balance, it is worth while to inspect the sample 
under the microscope, since the required number of crystal fragments is 
relatively small. Any fragments showing in homogeneities are rejected. 

V. GUIDE FOR THE SELECTION OF METHODS 

Table III is designed to facilitate the selection of methods best suited to 
various types of problems. It is clear that such a table cannot include all 
possible problems and therefore should be used mainly for purposes of 
orientation. In most cases, a detailed comparison of various methods 
should be undertaken before a selection is made. 

91 H. Berman, Am. Mineral., 24, 434 (1939). 

” Baird Associates, Cambridge, Mass. (Berman density balance); Fisher Scientific 
Co., Pittsburgh, Pa.; WiU Corporation, Rochester, N. Y. 



VI. DENSITY 


295 


Table III 


Recommended Methods for Varioos Special Problems 


Conditions required 

Method recommended 

Maximum 
precision, 
g./ml. (d = 1) 

De¬ 

scribed 

on page 

PURE LIQUIDS 

Rapidity 

High precision 

Stopper pyc. (type B) 

Capillar>' pyc. (type D) 

*1 x io-« 

*5 X 10-« 

265 

269 
265 

270 

solutions or pure liquids 

Volatile and/or hygro¬ 
scopic component 

Rapidity, routine 

Precision, routine, rapid¬ 
ity 

Comparison, highest pre¬ 
cision 

Small concn. changes, 
routine, precision 

Closed system, routine 

High temperature 

Various temperatures 

Small amounts (<20 
mg.) 

Isotope analysis 

Bicapillary pyc. (type F 
or Lipkin) 

Electrodensitometer or 

Mohr-Westphal balance 
or balanced column 

Hydrostatic weighing or 
falling drop 

Magnetic float 

Temperature of flotation 
or gradient tube 

Helix 

Pipette pyc. 

Dilatometcr or 

hydrostatic weighing 

Pipette pyc. or gradient 
tube 

Gradient tube 

*5 X 10-« 

*1 X io- 4 
*5 X 10-» 
=*=5 X 10-* 
=*=5 X 10- 4 
*2 X 10-« 

* 1 X io-* 
*2 X 10-* 

*1 X 10 ’ 

*1 X 10“ fl 
<10-“ 

*1 X IO" 4 
*1 X 10-“ 
*2 X 10"“ 
*1 X 10" 4 
-=1 X 10-“ 

266 

267 

281 

278 

285 

278 
283 
280 

281 

281 

279 

286 
276 

1 278 
286 
281 
281 


solids 


Rapidity 

Volumenometer 

=*1 X io-* 

287 

Highest precision, small 

Flotation 

*5 X 10-» 

291 

amounts 




Precise, comparison 

Temperature of flotation 

=b5 X 10-“ 

292 

routine 




Fine powders (d > or < 3 

Helium volumenometer 

*1 x io- J 

288 

g./ml.) 

Pyc. type C for vacuum 
Hydrostatic weighing 

=*=5 X IO" 8 

288 

Large crystals 

*1 X io-“ 

293 

Very small amounts 

Centrifuge 

*1 X 10" a 

292 

Small amounts (d > or < 

3 g./ml.), rapidity 

Hydrostatic weighing, tor¬ 
sion microbalance 

=*5 X IO" 4 

294 

Low temperatures 

Helium volumenometer 

*1 x io- j 

288 

Soluble sample with oc¬ 

Andreae’s dilatometer 

*1 x 10- 4 

290 

cluded mother liquor 




Isotope analysis 

Temperature of flotation 


292 
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I. GENERAL 

The solubility of compounds is a property of great importance with a 
wide variety of applications: Appropriate solvents furnish media for 
reactions; differential solubility relations offer one of the most useful 
means for the isolation and purification of substances; a study of the 
solutions one compound forms with others provides information about 
its molecular structure and the nature and extent of intermolecular forces: 
solubility tests are one of the bases of systematic qualitative analysis, etc. 

It is fortunate that so useful a property as solubility is in many cases 
easy to measure with adequate precision. This chapter is intended to 
serve as a working guide for making determinations of solubility and inter¬ 
preting the results in a wide variety of cases. 

1. Definition of Solubility 

Solubility may be defined as the capacity of two or more substances to 
form spontaneously one with the other without chemical reaction a homo¬ 
geneous molecular or colloidal dispersion. This definition is sufficiently 
condensed to warrant explanation. We first note that the state of the dis¬ 
persion is not limited; it may be gaseous, liquid, crystalline, mesomorphic, 
or amorphous. A colloidal dispersion of a water-insoluble dye in an aque¬ 
ous soap solution, or of a swollen polymer such as rubber in benzene, is 
just as much a solution as is alcohol in water. Secondly, we require that 
the dispersion be formed spontaneously, so that it would be possible to de¬ 
vise a means of obtaining useful work from the process—in other words, 
the formation of the solution is accompanied by a decrease in thermo¬ 
dynamic free energy. But free energy change due to chemical reaction, as 
in the “solution” of base metals in acid, is ruled out. Finally, we recognize 
that the capacity of any system of substances to form a solution has 
definite limits. These limits find their most concise expression in the phase 
rule of Gibbs: 

F + P = C + 2 

where F is the number of degrees of freedom in a system of C components 
with P phases. For two components and two phases (solid and liquid, 
two liquids, or two solids) under the pressure of their own vapor and at 
constant temperature, F equals zero. If one of the phases consists solely 
of one component, i. e., is a pure substance, the quantitative measure of 
solubility is a single number, viz., the amount of the substance (solute) 
which is contained in saturated solution in a unit amount of the other com¬ 
ponent (solvent). For any case in which F is zero, a definite reproducible 
solubility equilibrium can be reached. The measure of solubility in this 
general case is the set of numbers giving the composition of each of the 
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phases at the given temperature. Complete representation of the solu¬ 
bility relations requires determination of the phase diagram, which gives 
the number, composition, and relative amounts of each phase present at 
any temperature in a sample containing the components in any specified 
proportion. 


2. Units for Expressing Solubility 

Solubilities are expressed in various ways, e. g. } in g. of solute per 100 g. 
or 100 cc. of solvent, in g. of solute per 100 g. or 100 cc. of solution; and in 
moles solute per 1. of solution. Table I illustrates the differences between 
the first four expressions. 1 Interconversion of these values is simple if the 
respective densities are known. Solubility in g. per 100 cc. solvent or solu¬ 
tion is equal to solubility in g. per 100 g. solvent or solution divided by the 
density of the solvent or the solution, respectively. Solubility in g. per 100 g. 
solution, S A , is related to solubility in g. per 100 g. solvent, S c by the 
formula: 

S c - SJ( 100 + S A ) 

Weight fraction (g. solute per g. solution) or weight per cent (100 X 
weight fraction), and mole fraction (moles solute per mole solution) or 

Table I 


Solubility of Various Compounds Expressed in Different Units 


Compound 


T .' m c p - 


Solubility 


Solvent 

R./100 ft. 
solvent 

ft./IOO cc. 
solvent 

K./ioo ft. 
soln. 

g./IOO cc. 
soln. 

Tartaric acid 

50% by wt. 
ethanol in 
water 

25 

88.6 

80.9 

47.0 

55.7 

o-NitrophenoI 

Ethanol 

30.2 

60.58 

47.32 

41.03 

41.00 

/-Leucine 

Water 

25 

2.397 

2.390 

2.341 

— — v . 

• • • 


mole per cent (100 X mole fraction), can be interconverted without knowl¬ 
edge of the respective densities. The following formulas refer to a system 
of n components in which W t is the weight fraction of the i component, 
Mi its molecular weight, and N { its mole fraction: 


N t = WJMi (2 W x /M x ) 

x-l 

W t = N t Mi! 2 N X M X 
i°i 

xt * A ,; S f ide11, SolMlities °f Organic Compounds . 3rd ed.. Vol. II, Van Nostrand, 
New York. 1941. 
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Occasionally it is useful to employ an unconventional unit for the sake of 
plotting solubility results on a readable graph. For example, McBain 2 
takes as units for calculating a “fractional proportion” one mole of po¬ 
tassium oleate, one mole of potassium chloride and 1000 grams of water. 

3. Typical Solubility Relations and Their Utility in Organic Chemistry 

A. PURIFICATION BY RECRYSTALLIZATION 

Differences in the solubility of two compounds in a given solvent as a 
function of temperature can be used to effect a more or less complete sepa¬ 
ration in which the less soluble compound is readily produced in pure form. 
The physicochemical basis for this kind of separation is made evident by 
figure 1, which shows two hypothetical solubility curves. Suppose, for 



Fig. I.—Typical solubility curves. 


example, that it is desired to separate compound I from compound 77, 
which is contained in / to the extent of about 20%. Fifty grams of the 
mixture, containing 40 g. of I and 10 g. of II will dissolve completely in 
100 g. of solvent when heated to 45° C. Upon cooling to room tempera¬ 
ture, 20°, II will remain entirely in solution, while 31 g. of I will crystallize 
out, since its solubility at 20° is only 9 g. per 100 g. solvent. Thus, pure 7 

* J. W. McBain, in Colloid Chemistry , edited by J. Alexander. Vol. I, Chemical Cata¬ 
log Co., New York, 1926, p. 137. 
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is obtained in a 77.5% yield by one recrystallization. The residual ma¬ 
terial, 10 g. of 77 and 9 g. of 7, can be dissolved in 25 g. of solvent at 45°; 
and 6.75 g. of pure 7 will separate out when the temperature is again re¬ 
duced to 20°. A third recrystallization from the minimum weight (22.2 g.) 
of solvent required to dissolve the 10 g. of 77 at 45° yields only an addi¬ 
tional 0.25 g. of 7, so that the maximum separation obtainable when work¬ 
ing between 45° and 20° with this solvent gives pure 7 in a 95% yield and 
77 of about 83% purity. In this elementary example, complete independ¬ 
ence of the two curves has been assumed, the possibility of coprecipitation 
is neglected, and the problem of washing the crystals of pure 7 free from the 
solution containing a considerable amount of 77 is ignored. For details 
on fractional crystallization, see Skau and Wakeham* and Tipson.* 0 
The solubility curve for compound 7 is not smooth: the inflection at 
point A indicates either that there are two allotropic forms of 7 between 
which a transition occurs at 39.5° C. or that 7 forms one or more solvates 
with this solvent. It would be necessary to ascertain whether or not the 
solid formed at room temperature is pure compound 7 before using the 
product. 

B. FRACTIONATION OF MIXTURES BY SALTING OUT 

The separation of many biochemical preparations, particularly proteins 
and protein complexes, is carried out by the addition of successive amounts 
of some salt, for example, ammonium sulfate or potassium citrate, to a buf¬ 
fered solution of the protein mixture in aqueous solution. This technique 
likewise serves to indicate the number of components present in a complex 
mixture. For example, Jameson 4 has used this method to study the effects 
of kidney disorders on the blood serum proteins. Potassium citrate was 
added to a given solution, the protein precipitate was filtered off, and the 
protein and salt concentrations of the filtrate were determined by analysis. 
When the results were plotted, the curve of protein content vs. salt content 
showed a series of changes in slope, the segments corresponding to different 
protein components. 

C. EXTRACTION EQUILIBRIA 5 

Extraction equilibria have also found application in determinations of 
the extent of molecular association and dissociation. For a substance 

3 Chapter III, page 97. 

30 R. S. Tipson, “Crystallization and Rccrystallization," in Technique of Organic 
Chemistry, Vol. Ill, A. Weissberger, ed. In preparation. 

4 E. Jameson, Cold Spring Harbor Symposia Quant. Biol., 6 , 331 (1938). 

3 This topic is dealt with much more comprehensively by L. C. Craig and D. Craig 
ip Volume III of this series, in preparation. 
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present in equilibrium with its pure solid in each of two immiscible sol¬ 
vents, the ratio of its concentration in solvent one to that in solvent two is 
obviously that of the solubility of the solid in the two solvents taken 
separately. At less than saturation concentrations this relation can hold 
only approximately. Gross deviations can frequently be explained in 
terms of association or dissociation in one of the two solvents. For ex¬ 
ample, McBain and Eaton® determined the extent of the reaction: 

lauratc ion + H,0 lauric acid + 011“ 

in water by measuring the amount of lauric acid extracted from aqueous 
solutions of potassium laurate by benzene. Such a procedure cannot be 
used indiscriminately, however, because the form of the curves of activity 
vs. concentration of the dissolved substance may be quite different in the 
two solvents. 

D. SOLUBILITY AS A CRITERION OF PURITY 

While constancy of solubility on repeated crystallization, together with 
constancy of other physical properties, such as m.p., b.p., vapor pressure, 
etc., has long been recognized as a criterion of purity, S 0 rensen 7 and others 
have developed a sensitive test for the purity of a protein preparation, 
based on solubility measurements. If the protein preparation consists of 
a single pure substance it must have a solubility in a given solvent, usually 
a buffered salt solution, which is constant at constant temperature and in¬ 
dependent of other variables, in particular, of the amount of residual solid 
phase. Accordingly, several suspensions are made up containing increas¬ 
ing amounts of protein per unit amount of solvent. After standing suf¬ 
ficient time for saturation to occur, the suspensions are filtered and the 
total protein contents of the filtrates determined, usually by analysis for 
protein nitrogen. A graph is constructed of protein nitrogen per ml. sus¬ 
pension against protein nitrogen per ml. filtrate. From the shape of the 
curve the nature of the impurity can be determined (i. <?., whether it is 
soluble or insoluble, present in the preparation in simple admixture or as a 
solid solution, etc.) and, in some cases, the amount of the impurity. A 
specific example is given among the typical cases discussed at the end of 
this chapter. 

This procedure is deserving of considerable further development as a 
method for determining the nature of solid phases containing two or more 
substances. In the case of two substances present in a mechanical ad¬ 
mixture, the solubility data, plotted as total amount dissolved per unit 

* J. W. McBain and M. Eaton, J. Chem. Soc., 1928, 2166. 

7 S. P. L. Sorensen and M. HjJyrup, Compt. rend. Irav. lab. Carlsberg, 12, 213 (1917). 
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quantity of solvent against amount of solid taken per unit quantity of 
solvent, consist of two linear segments and a line parallel to the axis of 
amount of solid taken. From the slopes of the segments the percent com¬ 
position of the solid may be calculated. In the case of solid solutions, the 
segments are replaced by a continuous curve whose form depends on the 
phase diagram for a three-component system including the .solvent and 
both components of the solid under consideration. 

Despite its attractiveness the method has three major limitations. 
First, a high order of precision may be required to show whether a given set 
of data fall on a curve or on two intersecting straight lines. Secondly, 
solution of the solvent in the solid or in either of its components may occur, 
making a modification of the theory necessary and having a relatively un¬ 
predictable effect on the experimental results. Thirdly, the underlying 
assumption that each component of a mechanical mixture will dissolve in a 
given solvent independently of the other may be in serious error, par¬ 
ticularly when the solubilities are high. 

E. IDENTIFICATION AND CHARACTERIZATION OF COMPOUNDS 

The qualitative solubility behavior of organic compounds toward a 
selected group of solvents is the basis of one of four general procedures used 
for the systematic identification of unknown compounds. 8 The solvents 
employed for such general classifications are usually water and ether, as 
representatives of “polar” and “nonpolar” solvents, dilute solutions of 
acid and base, and, finally, more concentrated acids. More elaborate sys¬ 
tems based on the use of a sequence of organic solvents arc employed only 
in special cases. In general, the solubility relations of substances are too 
specific to permit a division of compounds into mutually exclusive small 
classes. 

F. SOLUBILITY IN THE STUDY OF INTERMOLECULAR FORCES 9 

The mutual solubility of two substances has long been used as a quali¬ 
tative measure of the extent of the interaction between their molecules, 
varying from simple departure from the laws of ideal solution (Raoult’s 
law, Henry’s law) to a genuine formation of a compound between the 
solvent and the solute. 

Figure 2 shows how the solubility of a substance A will vary in a series of 
different solvents, Bi to By, exhibiting gradually increasing compound 

8 R. L. Shriner and R. C. Fuson, Systematic Identification of Organic Compounds. 
2nd ed., Wiley, New York. 1940. 

9 J. H. Hildebrand, Solubility. 1st ed., Chemical Catalog Co., New York, 1924. 
2nd ed., Reinhold, New York, 1936. 
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formation with A in the liquid state. 10 In this diagram, temperature is plot¬ 
ted against the molecular composition of the saturated solution. The point 
A represents the same temperature throughout; viz., the melting point of 
A. “Curve I indicates the ideal system AB t where compound formation is 
entirely absent.. .Curves II to V illustrate the successive changes which 
occur in the diagram as compound formation increases. In curve II, the 
compound is so highly dissociated that its solubility curve, FGH, never 
enters the stable region of the diagram. In curve III, compound forma- 



MOLECULAR COMPOSITION 

Fig. 2.—Solubility curves for varying degrees 
of compound formation. 10 


tion is somewhat more extensive and the solubility curve of the com¬ 
pound ABiy possesses a limited stable interval KL; in curve IV, this in¬ 
terval has expanded sufficiently to exhibit a maximum point, G (in other 
words, the compound ABiy is stable at its melting point). In curve V, 
finally, the compound A By is not dissociated at all into its components in 
the solution, the system consisting of two simple systems of the type 
shown in figure 1 compressed into a single composition range.” 

10 J. Kendall, A. W. Davidson, and H. Adler, J. Am. Chem. Soc., 43, 1481 (1921). 
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Marvel, Copley, and coworkers 11 have used the solubility of compounds 
containing hydrogen in solvents containing amine, hydroxyl, and similar 
groups as a measure of the extent of hydrogen bond formation. Such rela¬ 
tively simple interpretations of the complex phenomena of solubility, while 
attractive, are not always lasting. Thus the interpretations of Bancroft 
and coworkers 12 of the solubilities of various substances in mixtures of 
water and other solvents in terms of the association of water to simple 
polymers has been largely abandoned. 

G. SOLUBILITY RELATIONS OF HIGH POLYMERS 13 

High polymers show a behavior toward solvents quite different from that 
of substances with smaller molecules. Some, notably chain polymers, 
swell continuously in certain solvents until finally a homogeneous solution 
is formed. There is no saturation equilibrium and no numerical value of 
solubility. Rather, at a given temperature, liquids may be classed sharply 
as solvents or nonsolvents for the particular polymer. For some solvents, 
a critical temperature exists above which “solubility” of the polymer is 
unlimited and below which it is negligible. Other polymers, notably space 
and net polymers, swell to a limited extent in various solvents but no molec¬ 
ular dispersion forms in the equilibrated solvent. 

The behavior of a given polymer toward various standard solvents, as 
water, liquid ammonia, formamide or formic acid, strong acids, concen¬ 
trated solutions of certain salts, hydrocarbons, halogenated hydrocarbons, 
esters, ketones, etc., is used as a means of identification of unknown 
samples. 13 

The amounts of nonsolvent required to precipitate a polymer from its 
solution in a miscible solvent, at varying polymer concentrations, can be 
used as a method for estimation of the molecular weight of the polymers. 14 

The separation of a given polymer into fractions of varying molecular 
weight by the progressive addition of a nonsolvent or “precipitant” to a 
solution of the polymer has become of very great practical importance. 
The separation is based on the generalization that for chains of like struc¬ 
ture, those of high molecular weight are precipitated by smaller amounts 
of nonsolvent, although examples are known of the reverse relation for rela¬ 
tively short chains where the structure of the terminal groups is not negli- 

" M. J. Copley, E. Ginsberg, G. F. Zellhoefer, and C. S. Marvel, J. Am. Chem. Soc., 
63, 254 (1941). 

'* W. D. Bancroft and F. J. C. Butler, J. Phys. Chem., 36, 2515 (1932). 

13 K. H. Meyer, A atural and Synthetic High Polymers. Interscience, New York, 1942, 
Pl». 9, 25, 565-598. 

14 G. V. Schulz and B. Jirgensons, Z. physik. Chem., B46, 105, 137 (1940). 
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gible. 16 Considerable progress has been made in the theoretical interpre¬ 
tation of this behavior using either a thermodynamic or a statistical ap¬ 
proach. 16 


4. Accuracy in Measurements 

The accuracy required of a given measurement of solubility varies con¬ 
siderably with the use to be made of the data. For qualitative identifica¬ 
tion of compounds, the simple observation that some dissolves in a given 
solvent usually suffices. For example, Shrincr and Fuson 8 require that 0.1 
g. of solute dissolves in 3 cc. of solvent for a “positive” result in any given 
solubility test. At the other extreme, if the results are to be used to es¬ 
tablish the order of solubility of a series of closely related compounds for 
comparison with the predictions of some theory of their solution, the ac¬ 
curacy must be such that errors have no conceivable effect on the order 
cited. Happily, when adequate care is taken to secure real equilibrium 
between the saturated solution and the saturating phase, precise analysis of 
the phases is frequently possible with very little extra effort, which should 
certainly be expended. An over-all accuracy of about 0.5% is not difficult 
to obtain except, perhaps, in very special cases. 

5. Compilations of Data 

The most useful (English) compilation of solubility data is probably that 
of A. Seidell. 16 Some data can be found in the International Critical Tables 17 
and in Landolt-Bomstein. 18 Qualitative observations on the solubility 
of compounds for which no quantitative data are available may frequently 
be found in Beilstein. 19 In Chemical Abstracts , a search should be made 
under “name of compound, sol’y of,” rather than under “solubility ” In 
searching for the solubility of a particular substance, freezing point data 
should not be overlooked because they give directly the solubility of the 
given solid in the other components at the freezing temperature. 

6. Calculation of Solubility 

The solubility of a solid in a liquid cannot generally be calculated with 
confidence, and even a rough experimental measurement is probably more 

16 D. R. Morey and J. W. Tamblyn, J. Phys. and Colloid Chem., 51, 721 (1947). 

16 A. Seidell, Solubilities of Organic Compounds. 3rd ed., Vol. II, Van Nostrand, New 
York, 1941. 

17 International Critical Tables. McGraw-Hill, New York, 1926. 

18 Landolt-Bomstein, Physikalisch-chemische Tabellen. 5th ed.. Springer, Berlin, 
1923-1936. 

18 F. K. Beilstein, Handbuch der organischen Chemie. 4th ed., Springer, Berlin, 1923- 
1941. 
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accurate than calculated values. Moreover, the calculation usually in¬ 
volves data which are not likely to be available for compounds whose 
solubility, at least in common solvents, has not been determined. If both 
solvent and solute are of similar nonpolar character, the ideal solubility 
equation, based on Raoult’s law* 0 (sometimes referred to as the Schroeder 
equation), may give a satisfactory rough estimate. This equation is: 



where N is the mole fraction of solute, A// its heat of fusion at T (positive 
since heat is absorbed in melting), R the gas constant in cal./degree mole, 
T the absolute temperature, and T n the melting point of the solute. For 
naphthalene in benzene, for example, this equation gives a calculated solu¬ 
bility 4% too high, while in hexane the calculated solubility is 150% too 
high. Refinements reduce this discrepancy to a value 25% too low. 
Hildebrand 20 discusses extensions of this equation to take solute-solvent 
interactions into consideration. 

7. General Precautions in Measurements 

A. EQUILIBRIUM 

Since solubility is an equilibrium phenomenon, experimental effort is 
first directed to the attainment of saturation. The most satisfactory ex¬ 
perimental criterion to adopt is the concordance of results obtained when 
the final state is reached from both undersaturation and supersaturation. 
Only when equilibrium has been assured by such a dual approach can the 
experimenter be certain that the accuracy of his measurement is correctly 
given by the precision of its component parts: the measurements of tem¬ 
perature and concentration and the purity of the materials. 

The approach to equilibrium from undersaturation is accomplished, ob¬ 
viously, by mixing solvent and solute at the temperature of the measure¬ 
ment. Supersaturated solutions can generally be prepared by mixing 
solvent and solute at a higher temperature and then cooling to the tempera¬ 
ture of the measurement. 

It may be experimentally impractical to approach equilibrium from both 
sides in some particular case. Very slightly soluble solids are frequently 
very slow to reach equilibrium from the side of undersaturation. On the 
other hand, many supersaturated solutions are very slow to deposit the ex¬ 
cess, even in the presence of seed crystals. When either of these cases is 
encountered, the experimenter is obliged to use as evidence of equilibrium 

^ 10 J. H. Hildebrand, Solubility, 2nd ed., Reinhold, New York, 1936, pp. 34, 153-173. 
See also Volumes III and IV of this series, in preparation. 



308 


R. D. V O L D AND M. J. V O L D 


the finding that no further change of concentrations occurs for longer times 
of equilibration. 

The length of time to be allowed varies from case to case and must be 
determined experimentally. Nevertheless, the following generalizations 
may prove useful. Measurements of rate of solution 21 confirm the theory 22 
that a thin layer surrounding the crystals first becomes saturated and that 
transfer of material from this layer to the bulk of the solution occurs by a 
diffusion process. Consequently, solution will occur more slowly in solvents 
of higher viscosity, even with the same efficiency of stirring. Likewise, 
heat increases the rate of solution in the same way it affects diffusion coef¬ 
ficients. A corollary is that, under similar experimental conditions, sub¬ 
stances of low diffusion velocity will dissolve more slowly than substances 
with high diffusion coefficients. Again, since diffusion velocity is propor¬ 
tional to the concentration gradient, more soluble substances tend to dis¬ 
solve faster than less soluble ones. The operation of some of these factors 
in a particular case is shown in table II. 

Table II 


Influence of Various Factors on the Rate of Solution 
of Magnesium in Acetic Acid* 


Stirring speed, r.p.m. 

R»te of solution* in 
0.0275 M acetic acid 

Rate of solution in 0.0275 M 
acetic acid with 0.6 M sugar 
to increase viscosity 

1200 

0.448 

0.264 

1000 

0.378 

0.230 

600 

0.273 

0.150 

300 

0.179 

0.103 


" C. V. King, J. Am. Chem Soc., 57, 828 (1935). 
k of the equation: dx/dt = k-A/V(a — z), where dx/dt is moles of magnesium dis¬ 
solved per unit time, A the surface area of the magnesium cylinder, V the volume of 
solution, a the final magnesium concentration, and x the concentration at time t. 

B. TEMPERATURE CONTROL 28 

Since the solubility of almost all substances varies with temperature, 
this variable must be carefully controlled during the entire time of the 
measurement within limits which are determined by the desired precision 
and the magnitude of the temperature coefficient of solubility of the par- 

21 C. V. King, J. Am. Chem. Soc., 57, 828 (1935). 

” A. A. Noyes and W. R. Whitney, Z. physik. Chem., 23, 689 (1897). 

” This section emphasizes the need for adequate precision and accuracy in measure¬ 
ments and control of temperature. The theory of such measurements and the operation 
of a considerable variety of instruments for the purpose are given in detail by Sturtevant, 
Chapters I and II. 


VII. SOLUBILITY 


309 


ticular system being studied. For example, picric acid is soluble in methyl 
alcohol to the extent of 13.8 g. per 100 g. solvent at 0° C., and of 21.1 g. 
per 100 g. solvent at 21.1°. Assuming a linear variation between these 
limits, temperature control within ±0.05° is sufficient for measurements 
precise within about 0.2%. However, for m-nitrobenzoic acid in benzene, 
the same temperature fluctuation could cause an error of up to about 2.5%. 
Not only must control of temperature be maintained throughout the period 
of equilibration, but also during separa¬ 
tion of the saturated solution for analysis. 

This is most easily accomplished by allow¬ 
ing the contents of the solubility flask to 
settle and removing the solution through 
a pipette attached to a suitable filter (cot¬ 
ton, glass wool, asbestos pulp, etc.). Figure 
3 shows an arrangement for accomplishing 
the separation and at the same time secur¬ 
ing a known volume of solution at the 
temperature of the experiment. Several 
portions of solution should first be with¬ 
drawn and discarded to satisfy any possible 
capacity of the filter to sorb solute from the 
saturated solution. 

In general, because of its higher heat 
capacity, a liquid bath is much to be pre¬ 
ferred to an air thermostat. In a water 
bath using a heating element with suffi¬ 
ciently small “lag” (i. e., that cools off 
rapidly when current is cut off and vice 
versa), adequate stirring, and a sufficiently 
sensitive thermoregulator, a temperature 
control to within ±0.01 ° or even better can 
be obtained near room temperature. More¬ 
over, if stirring is satisfactory, tempera¬ 
ture gradients can be eliminated so that all parts of the solubility apparatus 
and its contents are really at the temperature read on a correct thermometer 
hung anywhere in the thermostat. 

Never use a thermometer which has not been calibrated against known thermo¬ 
metric standards, for any purpose whatsoever. The authors are aware of (albeit 
unusual) cases in which thermometers purchased from reputable sources have been 
found to be wrong by 10-20° C. 

At high temperatures, and in an air bath at any temperature, gradients are 
difficult to avoid, and the fluctuations of the temperature about its mean 



SOLUTION 
EXCESS SOLUTE 

Fig. 3.—Assembly of equipment 
for separating saturated solution 
from excess solute at constant 
temperature. 
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value are likely to be large. Figure 4 shows a thermoregulator circuit 
the authors have for years found to be satisfactory at temperatures up to 
150° C. in either liquid or air baths. The parts can be obtained from any 
good scientific supply house for much less than the cost of a preassembled 
thermostat unit. E, T t and H are sockets into which are plugged lead 
wires to the 110-volt source, the thermoregulator, and the bath heater 
(500 watts to match other quoted characteristics). R r and R c are two 
variable resistances (50 ohms, 200 watts, and 10 ohms, 150 watts, respec¬ 
tively) in parallel with each other and in scries with the heater. C is a 0.1 
microfarad condenser. R is a 15,000-ohm carbon resistor in parallel with 
T. A is the armature of an alternating-current relay capable of carrying 
about 6 amperes. 



Fig. 4.—-Thermoregulator circuit. 


Figure 5 gives the authors’ recommendation for the arrangement of ap¬ 
paratus within the thermostat. It is suggested that commercially obtain¬ 
able heaters contained in flexible copper tubing be bent into a convenient 
shape. A loop passing all the way around the walls of the thermostat 
close to the bottom of the tank is most desirable. The stirrer blades, 5, 
should be so turned that they lift the liquid from bottom to top. Circula¬ 
tion may be improved by surrounding the stirrer with cylindrical baffle C. 

c. STIRRING 

Stirring the contents of the solubility apparatus or rocking the apparatus 
as a whole to insure mixing its contents thoroughly serves to eliminate any 
temperature gradients and also to reduce the time required to attain satura¬ 
tion. Such mixing is virtually indispensable in any accurate determination 
of solubility. But agitation should not be so violent as to produce foam. 
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Some proteins undergo irreversible denaturation 24 under such conditions, 
some detergent materials are concentrated in the foam by adsorption to 
such an extent that the phenomenon has been used as a method for their 

purification. .. 

Sufficient agitation for a system composed of solid and liquid can usually 
be achieved by attaching the apparatus to a rocking device with a 120° arc 
(60° on each side of the vertical) and a frequency of about 10-30 oscilla¬ 
tions per minute. Further mixing can be obtained by putting a marble in¬ 
side the solubility vessel. Alternatively, a slow stream of air or other gas 
may be passed through the system if the components are not very volatile. 
The efficient mixing of two liquids, especially if they are of very different 
density, is difficult. A device which rocks with sufficient violence to keep 
both liquids broken into droplets and in unstable emulsion with each other 
is desirable except for liquids in which such emulsions are slow to separate. 



Fig. 5.—Arrangement of equipment in thermostat. 

In fact, in extreme cases it may be necessary to secure contact of two liquid 
phases by a slow rotary motion, with the flask or bottle tipped at an angle 
of about 5° from the vertical in such a way as constantly to renew the liquid 
on each side of the meniscus without actually rupturing the latter. 

D. PURITY OF MATERIALS 

The effect on results of measuring the solubility of an impure solute in an 
impure solvent may be either negligible or very great. No measurement is 
of any value unless the nature and amount of impurities are considered, 
i. e.y unless the chemical nature of the substance to which the figures apply 
is knowm. Analyses must always be made of both solute and solvent, but 
34 H. B. Bull and H. Neurath, J. Biol. Chem., 118, 163 (1937). 
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there is considerable leeway for the exercise of the experimenter’s judgment 
as to how rigorously purification must be carried out. The following ex¬ 
amples illustrate the considerations governing minimum purity acceptable: 

(I) In measuring the solubility of anhydrous sodium stearate in alcohol, both 
solute and solvent must be very dry, since in the presence of even small amounts of 
water the equilibrium phase is not anhydrous sodium stearate but a stoichiometric 
hydrate. 26 If 1 g. of anhydrous sodium stearate is equilibrated with 1000 g. of 
ethyl alcohol, the latter must contain less than about 0.07% moisture if the equilib¬ 
rium solid is not to be entirely converted to CnH^COONa-Vs H 2 0, the lowest 
reported hydrate. 

(£) The solubility of succinic acid in absolute acetone 10 at 40° C. is 7 g. per 100 g. 
solvent, while for acetone containing 5% water it is 13 g. per 100 g. solvent. For 
acetone adulterated with 5% carbon tetrachloride or methyl, ethyl, or propyl al¬ 
cohol, the solubility of succinic acid is 6.2 g. per 100 g., 9.3, 8.0, and 7.5 g., respec¬ 
tively. From these figures one can readily calculate (assuming a linear mixture 
rule) how pure the acetone must be if the measured solubility is to be correct within 
any given precision. The differences just cited are not extraordinarily large, al¬ 
though the effect of chemically similar impurities, as toluene in benzene, would be 
expected to be small. Thus the solubility of m-nitroaniline in benzene is diminished 
by only 0.6% for a contamination of benzene with 5% toluene. 

(5) The effect of impurities in a solute on the solubility of the solute in a pure 
solvent is a complex one, depending on the solubility of the impurity in both solute 
and solvent. One example is discussed fully in Sect. Ill, since this effect has found 
application as a criterion of purity, particularly in the field of protein chemistry. 

E. ANALY8IS OF PHASES 

As has already been pointed out, a complete description of solubility 
includes the weight of solute per unit amount of solvent at a given tempera¬ 
ture in equilibrium with a second phase of known composition. It is thus 
necessary to determine the nature of the equilibrium solid phase. This 
may be done by direct analysis, by crystallographic observations, by taking 
its melting point alone and in mixture with the original solid, or in other 
ways. This analysis of the solid is often very simple to carry out, but in 
exceptional cases can be extremely difficult. 

F. PARTICLE SIZE 

There has been a great deal of discussion 26 - 30 concerning the variation 

“ M. J. Buerger, L. B. Smith, A. de Bretteville, Jr., and F. V. Ryer, Proc. Nall. Acad. 
Sci. U. S., 28, 526 (1942). 

J. Willard Gibbs, Scientific Papers. Vol. I, Longmans, Green, London, 1906, p. 315. 

" A. Huletfc, Z. physik. Chem., 37, 385 (1901); 47, 357 (1904). 

“ M. L. Dundon and E. Mack, Jr., J. Am. Chem. Soc., 45, 2479 (1923); M. L. Dun- 
don, ibid., 45, 2658 (1923). 

79 D. Balarew, Z. anorg. allgem. Chem., 145,122 (1925). 

M I. M. Kolthoff and C. Rosenblum, /. Am. Chem. Soc., 56, 1264 (1934). 
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of solubility with the size of solid particles, the reality of the phenomenon, 
its magnitude, and its possible effect on measurements of solubility. If 
sufficient time is allowed for aging of freshly precipitated solids, and for 
Ostwald ripening (solution of small particles and growth of large ones), 
the whole effect is of no major importance to solubility measurements. 
Similarly, while it is true that crystals with lattice distortions produced by 
mechanical strain arc more soluble than perfect crystals, the effect is both 
of second order and transient. In fact, in order for either effect to be ob¬ 
served one must employ very sparingly soluble substances (e. g., barium 
sulfate) to slow down the Ostwald ripening. However, if the particles are 
small or tend to be dispersed in the solution by some wetting agent, special 
care must be used in separating the supernatant fluid for analysis. A 
very fine filter may serve; or in some instances centrifuging can be used 
to settle fine dispersions of solid in saturated solution. If the particles are 
sufficiently fine, spurious results may be obtained due to formation of a 
colloidal suspension. 

Ever since the time of Wilhelm Ostwald, papers have appeared dealing 
with the phenomenon of supersaturation of solutions and undercooling of 
melts. Harbury, 31 apparently, takes the point of view that such solutions 
are to be regarded as instances of the increased solubility resulting from 
the minute size of the crystallization nuclei or "germs,” regarded as a 
second phase. The present authors prefer to consider "solubility” as re¬ 
ferring to a permanent stable equilibrium between solute and solution, in 
which the quantity of either phase may be varied at will without affecting 
the concentration of either as long as both are present. 

II. PRACTICAL PROCEDURES 
1. Solubility of Stable Solids in Liquids 

A. ANALYTICAL METHOD 

Crystalline Solids of Moderate Solubility; Nonvolatile, Mobile Sol¬ 
vents. 32 —Weigh out crudely four samples of the solid of a size which will 
not dissolve completely at the given temperature in the volume of solvent 
contemplated. Place the samples in each of four flasks or cylinders, and 
pour in the solvent until the flasks are about two-thirds full. Stopper 
tightly. Rubber caps such as are sold for infants’ nursing bottles placed 
over suitably protected cork stoppers have been found leakproof by th.* 
authors under moderate conditions of temperature and pressure. The 
solid should consist partly of fine and partly of coarse crystals. 

11 L. Harbury, J. Phys. Chem., 50, 190 (1946). 

8 * J. Reilly and W. N. Rae, Physico-chemical Methods. 3rd ed., Vol. I, Van Nostrand, 
New York, 1939, p. 589. 
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Heat two of the samples well above the final temperature of measure¬ 
ment in order to approach equilibrium from the side of supersaturation, 
since most substances have a positive temperature coefficient for solu¬ 
bility. Place all four flasks on a suitable rocking device in such a way that 
they are completely submerged in the thermostat. After equilibrium seems 
likely to have been reached, discontinue agitation and set the flasks upright 
in the thermostat to facilitate settling of the excess solid to the bottom of 
the cylinder. If the flask has a long neck and the bath temperature is not 
very different from room temperature, the cap may be allowed to project 
above the bath to facilitate removal of the saturated solution. In general, 
however, some such arrangement as that shown in figure 3 is desirable. 

Weigh samples of the solution which had a known volume at the tem¬ 
perature of the experiment. This procedure provides data for interconver¬ 
sion of units, and is very important. Then analyze the solution for solute 
content by any convenient procedure. All four results should agree within 
the precision called for in the determination, and there must be no signifi¬ 
cant difference between the pair originally supersaturated and the pair 
originally undersaturated. 

Obtain a sample of the solid by filtering the residue, and examine a 
crystal under a hand magnifier or a low-power microscope. If any doubt 
exists as to its identity with the original, free a sample from the excess 
solution by rapid washing on a filter with fresh solvent or a more volatile 
solvent miscible with the first, and analyze the residue for solute content, 
or take a melting point of it alone and in admixture with the original. 

Crystalline Solids in Volatile Liquids.—The procedure described above 
need not be unsatisfactory for solvents of moderate volatility. If the 
vapor pressure of the solvent is considerable (say 50-100 mm. Hg at the 
temperature of the thermostat), allow time for the air space in the flasks 
to become saturated with vapor before stoppering. Better still, partially 
evacuate the flasks through a glass tube inserted through the stopper and 
provided with a stopcock or rubber tube and screw clamp for subsequent 
closure. (Pinch clamps leak.) 

However, when the vapor pressure is high (1 atm. or more), some type 
of solubility bomb must be employed to hold the solution and deliver a 
filtered sample. A suitable solubility bomb has been designed by Schroeder, 
Berk, and Gabriel. 33 

Very Slightly Soluble Solids.—If a solid is very slightly soluble, the 
approach to equilibrium from the side of undersaturation may be very 
slow. It can be hastened by preparing the solid in the form of a very 
fine powder by means of grinding or rapid precipitation. In such cases a 

aj W. C. Schroeder, A. A. Berk, and A. Gabriel, J. Am. Chem. Soc. t 59, 1783 (1937). 
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physicochemical method of analysis of the saturated solution may be de¬ 
sirable. 

Very Viscous Solvents or Solutions That Gel, etc.—In these cases as 
well as those in which the solubility changes so rapidly with temperature 
that filtration is accompanied by deposition of solid from the solution 
(owing to heat absorbed in vaporizing the solvent during filtration), 
it is probably wise to use the synthetic method described below. 

Rapid Procedure.—Occasionally it is desirable to make a large number 
of solubility determinations with no great precision, for example, in char¬ 
acterizing the solvent characteristics of a newly prepared liquid. Thus 
Trimble 34 reports the solubility of over 200 organic and inorganic sub¬ 
stances in commercial furfural. 

The following procedure may be used advantageously. Place the solvent 
and solute in widc-mouth test tubes of about 50-ml. capacity, two for each 
solute. Heat the tubes in a beaker of water to a temperature above that of 
the determination, but not high enough to dissolve all the solid. Then 
chill one member of each pair to a temperature below that of the determina¬ 
tion until considerable solid has crystallized out. Stopper all the tubes 
tightly and rock in a thermostat with their lips above the surface of the 
bath liquid. Place a small shaped filter such as a Soxhlet thimble in each 
and allow the saturated solution to filter in. Analyze a weighed volume 
of the liquid so obtained by any convenient method. 

Methods of Analysis.—The simplest procedure for the analysis of a 
saturated solution of a nonvolatile material is evaporation of the solvent 
This involves considerable risk of mechanical loss and is seldom employed 
in accurate work. 

In addition to strictly chemical methods based on the reactions of the 
particular solute, a number of physical methods of analysis are available. 
Many of these are described elsewhere in this volume. Some have a special 
advantage in that suspended solids do not interfere; others are particularly 
applicable to dilute solutions, others to microsamples, etc. Optical meth¬ 
ods include: refractometry; colorimetry, including nephelometry; 
polarimetry; and interferometry. Electrical methods involve conductance 
measurements; electromotive force measurements; and polarography. In 
density determinations, pycnometers of various types arc used directly, 
or flotation methods (e. g., “hydrometry”) are employed. Still another 
physical method of analysis uses radioactive indicators. 

Micro Methods.*—Under favorable circumstances it is possible to 
determine the solubility of a compound of which as little as 0.1 Mg- is avail- 

34 F. Trimble, Ind. Eng. Chem., Ind. Ed., 33, 660 (1941). 

* The authors are indebted to Dr. B. B. Cunningham for this evaluation of micro- 
methods for the determination of solubilities. 
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able, although, if positive identification of the solid phase is required, larger 
(milligram) amounts of the solid may be necessary. Approximately 1% 
accuracy may be obtained, using about 10 micrograms of material having a 
solubility in the range of 100-5000 mg. per 1. in a moderately volatile 
solvent, by allowing a 50-microliter portion of the saturated solution to 
evaporate directly from the weighing pan of a quartz fiber balance. 35 
Other microprocedures are described by Kirk. 36 

B. SYNTHETIC METHOD 

The so-called synthetic method (Hill’s 37 “plethostatic,” i. e. } constant- 
composition, method) consists in determining the temperature at which 
solution takes place on heating a sample of known composition. The pro¬ 
cedure is simple and can be made very precise, particularly in cases in 
which the solubility does not change rapidly with increasing temperature. 
Since the composition is known with any desired accuracy, the precision 
of the measurement is limited only by the change in the solubility over the 
uncertainty range, sometimes as small as 0.1°, in the measurement of the 
temperature of complete solution. 

In theory, equilibrium can be approached from both supersaturation 
and undersaturation by observing both the temperature at which the 
first, crystals separate as the solution is cooled and that at which the last 
crystal disappears on heating. In practice, undercooling is generally ex¬ 
perienced, and only the approach from the side of undersaturation is prac¬ 
tical. On the other hand, the separation of a single liquid solution into 
two liquid phases is accompanied by little, if any, undercooling; further¬ 
more, the second phase frequently separates as a readily visible turbidity 
of finely divided droplets which are uniformly dispersed and easily observed. 

Directions for the method follow. Weigh the desired amount of solvent 
and solute into a test tube with walls heavy enough to withstand the pres¬ 
sure developed by heating the solvent to the appropriate temperature. 
Seal the tube. This is the only satisfactory way to keep the composition 
constant. Prepare the sample for observation by obtaining the solid 
phase as a finely divided crystal mass readily dispersed throughout the 
liquid by gentle agitation. This can be accomplished by heating to effect 
complete solution, and then chilling rapidly. Heat the prepared sample 
very slowly, certainly no faster than 0.5° per minute, and note the tempera¬ 
ture at which the last trace of crystal disappears. Avoid a large vapor 

“ P. L. Kirk, R. Craig, J. E. Gullberg, and R. Q. Boyer, Ind. Eng. Chem., Anal. Ed., 
19, 427 (1947). 

,e P L. Kirk, Ann. Rev. Biochem., 9, 593 (1940). Sec also Volume III of this series 
in preparation. 

» A. E. Hill. J. Am. Chem. Soe., 45, 1143 (1923). 
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space in the tube; test whether vaporization of the solvent causes an in¬ 
crease in actual concentration of the solute. 

The method can also be adapted to a microscopic scale, using 1-mg. 
samples observed under a microscope. 33 

2. Solubility of Solids Decomposing to Vapors 

In the determination of the solubility of a solid which decomposes revers¬ 
ibly, one of the products being gaseous, a difference is experienced between 


Fig. 6.—Apparatus for solubility measure¬ 
ment at constant gas pressure." 

/ 

results at constant pressure of the gas and results at the vapor pressure of 
the system. The synthetic method is limited to the latter case, in general, 
though it would not be impossible to design an apparatus operating at con¬ 
stant pressure and employing this method. 

A. SYNTHETIC METHOD 

The procedure described above can be used without modification. If 
the vapor pressure is high, the vapor space must be kept small enough 
so that changes in composition due to decomposition are not appreciable. 

38 R. D. Void and M. J. Void, J. Am. Chem. Soc., 61, 808 (1939). R. D. Void, J. 
Phys. Chem., 43, 1213 (1939). 

" A. C. Walker, U. B. Bray, and J. Johnston, J. Am. Chem. Soc., 49, 1235 (1927). 
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B. ANALYTICAL METHOD 

If the vapor pressure is low enough, i. c., less than about 1 atm., the 
type of apparatus (Fig. 6) used by Walker, Bray, and Johnston, 3 ' J to study 
the equilibrium between carbonate and bicarbonate ions may prove con¬ 
venient. The gas is introduced through intake manifold A , regulating 
stopcock E y and mercury seal B, into the top of equilibration flask C. It 
passes down through the annular space surrounding sampling tube F t and 
is sucked out by a suitable pump attached to exhaust manifold D, which is 
connected with a manometer. The gas stream serves also as a stirrer for 
the contents of the flask. 



C. MICROSYNTHETIC METHOD 

When only small quantities of solute or solvent arc available, the authors 
prefer a synthetic to an analytical method because less handling of ma¬ 
terial is required and the chance of mechan¬ 
ical loss is thereby reduced. Samples can 
be prepared in capillary tubes and the heat¬ 
ing and observations conducted in a furnace 
mounted on the stage of a microscope. 38 
Alternatively, Mcnzics 40 describes an ap¬ 
paratus (Fig. 7) in which he determined the 
complete solubility curve for strontium 
chloride in deuterium oxide, using only 1 ml. 
of solvent, over 90% of which was recovered 
at the end of the experiments. A is the 
solubility vessel containing the solid under 
investigation. D is a reservoir of solvent 
whose amount is known from the graduation 
on the tube. It is introduced by distillation 
(without ebullition) from a flask sealed on at 
E. The solvent used in any given experi¬ 
ment is distilled from D to A through trap 
C, which is closed during determinations by 
melting a pellet of silver iodide-chloride 
mixture above the constriction in U tube C, and allowing it to run into the 
constriction. 

3. Mutual Solubility of Two Liquids 

A. ANALYTICAL METHOD 

The procedure consists essentially of two operations: securing equilib¬ 
rium between the two liquid phases by sufficiently long equilibration, 
with the customary precaution of approach to the final state from both 

40 A. W. C. Mcnzics, J. Am. Chem. Soc., 58. 934 (1936). 
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Fig. 7.—Apparatus of Menzies.'® 
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sides ( i . e., higher and lower temperature); and obtaining samples of each 
layer at the temperature of the experiment. 

Measure out the desired volumes of the two liquids into two suitable 
containers which can be tightly stoppered. If either liquid has an appre¬ 
ciable vapor pressure, allow the vessels to stand uncovered for several min¬ 
utes before stoppering, or reduce the pressure inside after stoppering by 
means of an aspirator or other suitable pump connected through the stop¬ 
per to a tube and screw clamp arrangement. Place one vessel in a beaker 
of cold water and agitate thoroughly. Place the second in hot water and 
agitate. Then submerge the two in a thermostat at the (intermediate) 
temperature of the determination and rock mechanically for a suitable time 
interval. With adequate mixing, if the liquids are not too viscous, equilib¬ 
rium should be reached in a few minutes. However, if the liquids tend to 
emulsify, the only permissible agitation is a gentle rotation renewing the 
liquid near the surface without ever rupturing the meniscus separating the 
two liquids. In such a case, several hours may be required to establish 

equilibrium. 

To secure samples for analysis, allow the vessels to come to rest in an up¬ 
right position with their stoppers barely projecting above the surface of 
the bath. If distillation occurs because of the temperature gradient thus 
established along the neck of the flask, leave the vessels completely sub¬ 
merged, but so arranged that they can be raised without disturbing the 
liquid layers. The samples desired can be taken from the top layer very 
easily by means of a pipette. A sample of the bottom layer can also be se¬ 
cured; maintaining a slight air pressure on the pipette as it is lowered 
through the top layer into the bottom layer prevents contamination. 
Alternatively, a graduated pipette with the tip sealed by a thin-blown 
glass membrane can be used to sample the lower layer, the membrane 
being broken against the bottom of the vessel. Weigh known volumes 
of the two layers to obtain the data needed for expressing the results in any 
units which may subsequently be desired. 

Use any convenient procedure to determine the composition of the 
layers. If the necessary calibrations have been made, physical methods 
such as measurements of refraction or density are the simplest. 

When separation occurs readily into two liquid layers, each of moderate 
volume, the authors prefer the analytical method described above. Many 
other procedures have been developed, a few of which are briefly outlined 
in the following sections. 

B. SYNTHETIC METHOD 

The synthetic method for a liquid-liquid system differs from that de¬ 
scribed for a solid-liquid system only in that the temperature of incipient 
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separation into two phases is determined as the isotropic, single-phase 
liquid solution is cooled. Minute droplets of the second phase begin to 
form throughout the formerly homogeneous system and give it a cloudy 
appearance. The temperatures of appearance of the cloud, on cooling, and 
of its disappearance, on heating, are usually the same within experimental 
error, which is difficult to reduce below 0.1° C. However, instances of 
real discrepancies of up to 3° have been reported. 41 A single experiment 

gives no information about the composition 
of the second phase. To determine the 
composition of both phases at any given 
temperature a series of experiments must 
be performed so that the complete solubility 
curve can be constructed. 

Sometimes no readily visible cloud is 
formed. If a dye can be found whose color 
differs in the two phases, a minute amount 
dissolved in the solution may change color 
sharply when the second phase separates 
out. Klobbie 42 used this effect successfully 
in studying the system diethylethcr-water. 
To increase the visibility of the cloud the 
authors have placed the sample in a heavy- 
walled tube held in a horizontal position. 
A wire net-work is viewed through the tube 
which acts as a lens. Distortion or disap¬ 
pearance of the image shows when a second 
phase begins to form. In the special cases in which the separating phase is 
liquid crystalline rather than liquid, observation through crossed polaroid 
plates renders its appearance conspicuous. 




Fig. 8.—Solubility flasks. 


C. THE THERMOSTATIC METHOD OF HILL 37 

In this procedure, the volumes of the two layers are determined accu¬ 
rately in specially designed flasks (Fig. 8). The flask size to be used is de¬ 
termined in preliminary experiments in graduated cylinders. From two 
parallel experiments with different initial weight ratios of the two liquids, 
it is possible to calculate the composition and the density of each layer. 
The calculation is exact, involving only the phase rule principle that the 
compositions of the layers must be the same for the two experiments at the 
same temperature. 


41 H. S. Davis, J. Am. Chem. Soc., 38,1166 (1916). 
41 E. A. Klobbie, Z. phyrik. Chem., 24, 615 (1897). 
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D . THE THERMOSTATIC METHOD OF HERZ* 3 

To obtain a rough measure of the solubility of one liquid in another at 
room temperature, the one liquid may be added to the other dropwise from * 
burette, with continuous shaking; the first excess will give the whole liquid 
in the flask a cloudy appearance. This procedure is frequently used also in 

ternary liquid systems. . 

A refinement is reported by Sobotka and Kahn, 44 who used as indicator 

particles minute, jagged crystals insoluble in the first liquid. The slightest 
excess of the second liquid rapidly dissolved the indicator particles, con¬ 
verting them from jagged crystals into rounded droplets of a different 
color. Results for the solubility of various esters in water are given to 
three significant figures. 

III. INTERPRETATION OF RESULTS 

The following specific examples illustrate a few of the many applications 
of solubility measurements. 



Fig. 9.—Solubilities of the nitroanilines in carbon tetrachloride-, 

benzene (---), and acetone (- ). ti 


« W. Herz, Ber., 31, 2669 (1898). 

44 II. Sobotka and J. Kahn, J. Am. Chem. Soc., 53, 2935 (1931). 
46 A. R. Collett and J. Johnston, J. Phys. Chem., 30, 70 (1926). 
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(/) Solubility of o-, m-, and p-nitroaniline in various solvents .‘ 5 Some 
of the results of measurements of the solubility of these compounds in vari¬ 
ous solvents are represented in figure 9. The synthetic method used by 
Collett and Johnston was particularly suitable, since all the solvents are 
fairly volatile. The results are said to be precise within 0.5%. 

There is an immediate practical consequence of this work. Note that 
at 60° the o-isomer is soluble to the extent of GO mole per cent, while the 
m-isomer dissolves only up to 2 mole per cent; at 10° the solubilities are 
5 and 1 mole per cents, respectively. On the assumption that the two 
compounds do not interact in solution, which is more likely to be true in 
dilute solution, one could dissolve a mixture of the isomers in CCU to give, 
for example, a 4 mole per cent solution at 75°. On cooling to about 40°, 
all of the o-isomer should remain in solution, while the m-isomer crystallizes 
out in so far as it was present to the extent of more than one part in four 
in the original mixture. 

It would appear from the curves alone that treatment of the mixed iso¬ 
mers at 60° with a small quantity of CC1 4 would dissolve most of the o- 
isomer and leave the ?n-isomer behind. However, the two compounds form 
a eutectic mixture melting at 50° that contains 25 mole per cent of the m- 
isomer, and thus, at G0°, the m-isomer is substantially more soluble in the 
solvent in the presence of the o-isomer than it would be alone. This cir¬ 
cumstance serves to emphasize the fact that any problem involving the 
separation of two solids by crystallization from a solvent is really a problem 
in the phase behavior of the corresponding three-component system. For 
further information, see Tipson. 46 

(2) Purity of preparations of chymotrypsin. Kunitz and Northrop 47 
discuss many aspects of the solubility of proteins, from which the following 
has been selected for its simplicity. Two enzymes, a- and 0-chymotrypsin, 
were mixed in the ratio of 65% of the former and 35% of the latter. Weighed 
samples of the mixture were suspended in known volumes of 0.4 saturated 
ammonium sulfate solution buffered to pH 4.0; after equilibration the 
solutions were filtered and analyzed for total protein nitrogen. The results 
are plotted in curve D of figure 10. This curve can be analyzed to show that 
a- and ^-chymotrypsin do not form solid solutions with each other. If, 
on the other hand, the absence of solid solution is known, the relative 
amounts of the two compounds in the solid mixture can be deduced in the 
following way: As the amount of solid sample of the two mixed enzymes 
is progressively increased, all of it will dissolve until one of the components 
is present in excess of its solubility. Thereafter, only the other component 

48 R. S. Tipson, “Crystallization and Re-crystallization,” Volume III, this series, in 
preparation. 

47 M. Kunitz and J. H. Northrop, Cold Spring Harbor Symposia Quant. Biol., 6, 325 
(1938) 
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Will dissolve in increasing amount, and the slope of the curve of protein 
nitroaen per ml. of filtrate against that per ml. of suspension will de ® r ®“- 
Experimentally, this occurs at point a, where 0.2 mg. of protein mtr g 
is found per ml. of filtrate. Since the solubility of the alpha component 
alone (given by curve A) is 0.13 mg. of protein nitrogen per ml., the remain¬ 
ing 0 07 mg. must have come from the beta component, which is therefore 
present in the mixture to the extent of 0.07/0.2 X 100, or 35%. When 
both components are present in excess of their solubilities, the protein^ni¬ 
trogen of the filtrate should be constant and equal to the sum of the solu¬ 
bilities of the two components—this is shown by curve C beyond point b. 



Fig. 10.—Solubility relations of a- and tf-chymotrypsin 4 ' 


The experimental deviation shown by curve D indicates a lack of purity 
in the preparations used. It can be readily shown that, for a solid mixture 
of two components, the slope of segment ab is equal to the percentage of 
the less abundant component in the mixture. Experimentally, this value 
was found to be 0.31, instead of the correct value 0.35. Generally, curves 
of the type in figure 10 show whether or not a given compound is pure, and, 
under certain conditions, 47 the amount of impurity present. 

(5) Dependence of the solubility of some polystyrenes on molecular weight. 
It has already been pointed out that the solubility relations of high poly¬ 
mers differ significantly from those of substances with smaller molecules. 
Most liquids can be classed either as solvents or as nonsolvents for a given 
type of polymer. When a solvent and a nonsolvent are miscible, addition 
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of small quantities of the nonsolvent to a solution of polymer in the solvent 
liquid produces no visible change until, at a certain concentration, com¬ 
plete precipitation occurs over a very narrow range of solvent composition. 
It has been shown that the ratio of nonsolvent to solvent at incipient pre¬ 
cipitation (precipitation value = y) is a function of the concentration of 
the polymer and its average molecular weight or degree of polymerization: 

7 = (a — In C)/b (for a constant molecular weight) 

7 = A + B/P (for a given polymer concentration) 

where C is the polymer concentration, P its average degree of polymeriza¬ 
tion, and a, b. A, and B empirical constants not independent of each other. 
Schulz and Jirgensons‘ s have shown that these equations adequately repre¬ 
sent the experimental results, for instance, those obtained with some 
polystyrenes in mixtures of benzene and ethyl alcohol (Fig. 11). 



Fig. 11.—Precipitation values for polystyrenes of different degrees of polymeriza¬ 
tion at various concentrations in mixtures of ethyl alcohol with benzene. 41 


The relation between solubility and degree of polymerization is a very 
useful one, since it provides a direct measure of mean particle size. It 

44 G. V. Schulz and B. Jirgensons, Z. phyaik. Chem., B46, 105 (1940). 
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rnav also serve as a means of control in polymerization reactions. Its 
most useful application is probably in the preparation of homogeneous 
polymer fractions. An extensive and critical review of results ofthisap- 
plication to many different polymers has been given by Cragg and Ham- 
merschlag « By way of example, the results of Flory 50 on a polyisobutylene 
may be quoted. The gross polymer was dissolved in benzeneto give about 
a 1% solution, and fractions were precipitated by the addition of small 
quantities of acetone. The following table gives the volume of acetone 
in milliliters per 100 ml. benzene, and the number average molecular 
weight, m m , as determined by viscosity measurements on solutions of one 
or two different concentrations. 


Table III 

Fractionation of Polyirobutylkne 
Ml. acetone/100 ml. Iwn*cnc 


7 _ 8 202,000; 189000 

8 „y 130,000; 1*41000 

10 _ l2 79,300: 78000 

12 _i4 50,«>00; 51000 

14-17 . 39,700 

17-20 . 28,300 

24-30 . W.800 

30-40 . 13,070; 13830 

40-55 . 10,980; 11130 

55-85 . 8,170 

85-125. 5,620; 5060 


«* L. H. Cragg and II. Hammerschlag, Chem. Revs., 39, 79 (1946). 
40 P. J. Flory, J. Am. Chem. Soc., 65, 372 (1943). 
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I. INTRODUCTION 

The problem of relating the viscosity of liquids to other physical proper¬ 
ties and to chemical constitution is one that has been the subject of exten¬ 
sive investigation and much theoretical consideration. In order to realize 
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the inherent difficulties one must recognize the fact that the object of in¬ 
vestigation, the liquid, is in what one might call a hybrid state. It pos¬ 
sesses a certain amount of short-range order as characteristic of crystalline 
materials but also a distinct disorder over longer ranges, similar to the 
randomness of a gas. 

No really satisfactory theory of the liquid state has been developed as 
yet but very interesting approaches have been made, first, starting from 
the gaseous state, and later, more successfully using the crystalline solid 
state as starting point. With respect to viscosity as a very characteristic 
property of the liquid state, many empirical relationships between viscosity 
and molecular structure have been established and a certain theoretical 
understanding of them has been worked out. The present situation, how¬ 
ever, seems to be that the experimental data on viscosity of liquids are not 
sufficiently distinct and pointed to distinguish among the various theoreti¬ 
cal beliefs. This is a desirable condition in the usual respect that contradic¬ 
tory evidence concerning one particular issue will serve to improve our 
theoretical insight into that particular phenomenon and cause progress 
in our principal understanding. 

From this general situation the subject matter of this article is channeled 
to two narrow aspects of viscosity; one relating viscosity of simple liquids 
to chemical constitution, and the other relating the molecular weight of a 
polymeric solute to the solution viscosity. 

It is not intended that the reader be made thoroughly conversant with 
all the many ramifications of viscometric work, but rather that he be made 
aware of the fundamental aspects of it which can then be expanded ac¬ 
cording to his own volition and needs. 

II. DEFINITIONS 

1. Absolute Viscosity 

The coefficient of absolute viscosity of a liquid, rj, can be defined as the 
force per unit area necessary to maintain a unit velocity gradient between 
two parallel planes separated by a unit distance. This is expressed as: 

v = r/(dv/dx) ( 1 ) 

where, in a c.g.s. system, r = force per unit area acting parallel to the 
planes, in dynes cm. -2 , and dv/dx = velocity gradient perpendicular to 
the planes, in sec. -1 . 

A material is said to have a viscosity of one poise when the force required 
to maintain a relative velocity of 1 cm. per sec. between two parallel planes 
1 cm. apart is 1 dyne per cm. 2 . It is readily seen that the dimension of 
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absolute viscosity is ML“ l T~ l or gram cm. 1 sec." 1 . This unit, the poise, 
is named after the French physicist, Poiseuille, who, in 1846, published a 
very careful and exhaustive study of the flow of liquids through narrow 
capillaries. 1 

Viscous flow is a frictional phenomenon, and consequently viscosity can 
also be expressed by the kinetic energy converted into heat per unit time 
and volume, divided by the square of the velocity gradient: 

V = q/(dv/dx)- (2) 

where q = kinetic energy transformed into heat, as ergs per sec. per cm. 3 . 
Relation (2) is dimensionally equivalent to (1). 

2. Kinematic Viscosity 

The kinematic viscosity, v; is the absolute viscosity divided by the 
density, D, of the liquid; its unit is called the stoke: 

v - r,/D (3) 

The dimension is L 9 T~ l . 


3. Fluidity 

The fluidity of a liquid, <p , defined as: 

•P = l/v (4) 

is often a more convenient and satisfactory characterization than the ab¬ 
solute viscosity for interpretive purposes. The unit is the rhe (from the 
Greek rhein, to flow) and is simply a reciprocal poise of dimension M~ X LT. 

Table 1 shows the viscosity and fluidity of some liquids in centipoises 
(poise X 10 2 ) and rhes, respectively. 


Table I 

Viscosity and Fluidity ok Some Liquids 


Liquid 

Temp.. ° C. 

Viscosity, cp. 

Fluidity, rhes 

n-Pent&ne 

20 

0.227 

441 

n-Octane 

20 

0.542 

185 

Water 

20 

1.008 

99.3 

Glycol 

25 

17.33 

5.77 

Paraffin oil 

18 

101.8 

0.982 

Glycerol 

20 

1499 

0.0667 


1 J. L. M. Poiseuille, M ini. Savant* & rangers, 9, 433 (1816). See also E. C. Bingham, 
Fluidity and Elasticity, McGraw-Hill. New York, 11)22, pp. 331-338. 
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4. Rheochor 

Recently there has been developed by Friend 2 an empirical viscosity 
function relating viscosity and constitution that shows promise of taking 
its place beside the parachor as an additive constitutive property of liquids. 
The function is called the rheochor , If, and is defined as follows: 

n = + 2.1) (5) 

where M = molecular weight, rj = viscosity in ccntipoiscs, I) = density of 
liquid, and d = density of vapor, the variables v, I), and d being measured 
at, or extrapolated to, the boiling point of the liquid. 

The rheochor has been shown to be additive, and also to be a definite 
fraction of the molar critical volume, t. c.: 

R/V e = K = 0.420 

as the mean value for seven liquids of wide rheochor and boiling-point 
range. 

This and other viscosity functions will be treated more extensively in the 
section on interpretation of results. 

The above definitions usually suffice for the treatment of single-compo¬ 
nent liquids. In the case of binary mixtures and solutions (particularly of 
high polymeric materials) the following additional quantities are used to 
characterize these systems: 

5. Relative Viscosity 


Solution 

tfrel. “ - 

. Solvent 


( 6 ) 


6. Specific Viscosity* 


V*\K 


Solutio n_ ^solvent 

Solvent 


(Vrvl “ 1) 



7. Reduced Viscosity 

Reduced viscosity = i? 8p ./c (8) 

where c = concentration, as grams of solute per 100 cc. of solution. 

* Not to be confused with another term, specific viscosity, as applied to the ratio of 
the absolute viscosity of a material to that of water at same temperature. 

1 J. N. Friend, Nature, 1943, 432. J. N. Friend and W. Hargreaves, Phil. Mag., 1943, 
G43. 
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8. Intrinsic Viscosity n 


Intrinsic viscosity = 


[ 77 ] = lim 
c —*0 



= lim 


r—*0 



(9) 


A comprehensive treatment concerning the terminology of intrinsic 
viscosity and related functions has been given by Cragg. 3 4 * 

In connection with the physical concept of the intrinsic viscosity, Debye 
has derived an expression which elaborates upon the components of the 
specific volume that is associated with intrinsic viscosity. Although far 
from being an exact expression, it points in the direction of what one must 
look for and consider in developing an understanding of this property. 


HI. apparatus AND CONDITIONS (LIMITS and control 
OF VARIABLES) FOR VISCOSITY MEASUREMENTS 


1. Capillary Viscometer 

Although the organic chemist may encounter viscosities ranging from 
0.2 centipoise to 10 4 centipoises (see Table I), most organic liquids have 
viscosities in a ± 5-fold range about the value of 1 centipoise. Superior 
to most types of viscometer for measuring viscosities of this magnitude, is 
the capillary viscometer, wherein is measured the rate of flow of liquid 
through a capillary under constant pressure. Early use of this instrument 
was made by Bingham, 6 Couette, 7 Hagen, 8 Hagenbach, 9 and Poiseuille. 1 
Its design has more recently been virtually standardized in the forms of the 
capillary viscometers of Ostwald 10 and Ubbelohde. 11 Current variations 
and designs of the Ostwald viscometer by Cannon 12 are of particular inter¬ 
est. Simple designs of the Ostwald viscometer and Ubbelohde viscometer 
are shown in figures la, lb, lc, and Id. 

3 E. 0. Kracmer, Ind. Eng. Chem., 30, 1200 (1938). 

* L. H. Cragg, J. Colloid Set., 1, 261 (1946). 

3 P. Debye, J. Chem. Phys., 14, 636 (1946). 

6 E. C. Bingham, J. Am. Chem. Soc., 46, 959 (1913); 43, 302 (1910). 

7 M. Couette, Ann. chim. phys., 21, 433 (1890). 

* G. Hagen, Ann. Physik , 46, 413 (1839). 

9 E. Hagenbach, Ann. Physik, 109, 385 (1860). 

10 E. Hatschek, The Viscosity of Liquids, Bell, London, 1928. 

11 L. Ubbelohde, Handbuch der Chemie und Technologie der Ole, 1, 340 (1908). For 
more special designs see Ind. Eng. Chem., Anal. Ed., 9, 85 (1937). 

12 M. R. Cannon and M. R. Fonske, Ind. Eng. Chem., Anal. Ed., 10, 297 (1938). 
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2. Relation of Liquid Flow in a Capillary to Its Viscosity 

If one considers only the laminar flow of a Newtonian liquid within a 
length of capillary, the equation of Poiseuille is an adequate statement of 




Fig. 1.—(a) Ostwald viscometer (Cannon); (6) viscometer for spec'al 
conditions (Zhukov); (c) Ubbelohde viscometer (Philippoff); (<f) viscom 
eter for opaque liquids (Cannon). 


the relationship between the viscosity of the liquid and the other factors 
considered: 
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hgpr'tr (10) 

” Slv 

where „ = viscosity in poises, h = liquid head in cm., g = gravitational 
constant in cm. see.- 5 , p = density in g. per cc„ r = radius of capillary in 
cm., t = time of flow in sec. for a = volume of flow in cc., and l - length 
of capillary in cm. 

In actual capillary viscosity determinations, however, one does not en- 
counter a situation in which the flow of the liquid is confined within a 
length of capillary. The type of viscometer represented in figure 1 requires 
that the liquid both enter and leave the section of capillary during its flow, 
and these processes introduce factors which may be sufficiently large to 
necessitate correction of the.original Poiseuille relationship (Eq. 10). These 
factors consist of the net energy losses sustained in establishing the flow 
regime characteristic for the capillary tube and in returning to the flow 
characteristic of the wide tube beyond the exit end of the capillary. The 
many effects involved, including the kinetic energy and Couette effects, 
constitute an exceedingly complex problem in hydrodynamics; for a 
further discussion of them reference is made to Barr's monograph (see 
General References) and, especially, to an interesting article by Dorsey. 1 ’ 
Fortunately these capillary-end effects, by whatever combination of 
mechanisms proffered to explain them, may be quantitatively expressed to 
a very good approximation by the quantity: 1 ’* mpu t /ir 1 r't' i , which has the 
dimensions of pressure. The quantity m is a complex constant which 
may, in general, be taken as unity without appreciable error. Thus, of the 
total pressure, p, applied to the liquid in the viscometer, an amount 
mpv^/nbH 2 must be subtracted to obtain the pressure, P, corresponding 
to the viscous resistance of the liquid in the capillary proper, or: 

p = P — mpr*/v*r*l* (11) 


It follows then that the correction which must be introduced into the 
Poiseuille equation (Eq. 10) is the ratio of p to P. Solving equation (11): 


p = / mpv 2 \ 

P \ irhrH'P / 


( 12 ) 


and correcting equation (10) therewith, the expression for the viscosity as 
determined by capillary flow becomes: 


18 N. W. Dorsey, Phys. Rev., 28, 833 (1926). 

lta Second Report on Viscosity and Plasticity. Royal Netherlands Academy of Sci¬ 
ences, Noord-Hollandsche, Amsterdam; Interscience, New York, 1939; pp. 262 el seg. 
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hgprHr mpv 
8 Iv ~ 'nit 


(13) 


and for simplicity of calculations may bo represented as: 

r] = Cpl - ( Bp/l) (14) 

Then, in order to keep the term, Bp / l , as small as possible, a viscometer 
should be used of physical dimensions (hat give rise to a small value of B 
or a large value of t for the particular liquid under observation. This is 
accomplished by an instrument with a small measuring bulb (see p. 332) 
and a long capillary. For most capillary viscometry it is impractical to 
calculate the coefficient of viscosity by means of equation (13) directly 
from the physical dimensions of the instrument, since the measurements of 
the latter are difficult and not too precise. The most general practice is to 
use the reduced equation (14), and to determine the value of the constant 
C by employing a liquid of known viscosity in the viscometer. Then: 

^known = Cpktk ~ Bp k /t k (15) 

whence: 

c = v,/p,t t + n/i\ ( 16 ) 

and then: 

^unknown = ^ PJv Bp u /tu (17) 

The second term in equations (15) to (17) becomes zero as the capillary- 
end kinetic energy corrections become insignificant. 

The precision with which a capillary viscometer may be operated, after 
the usual precautions of cleanliness of sample have been observed, depends 
upon control and/or measurement of the following variables: 

(/) Temperature. 

(2) Time. 

(S) Driving head on liquid. 

(а) Vertical (or constant) alignment of capillary. 

(б) Volume of sample. 

(c) Temperature. 

• 

A detailed evaluation of the contributions of each of these variables to the 
precision of the viscosity measured has been given elsewhere. 14 

The first step then is to align the viscometer in a vertical position, or to 
provide that the alignment will always be the same for consecutive meas¬ 
urements which are to be compared. This insures that the driving head 
of the liquid will be constant for this adjustment. 

14 J. Riley and G. W. Seymour, Ind. Eng. Chem., Anal. Ed., 18, 387 (1946). 
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Then, the volume of sample introduced into the viscometer must be con¬ 
stant One convenient method of accomplishing this is to have the liquid 
and the measuring pipette at the temperature of the bath, using some uni¬ 
form procedure for transferring the sample from pipette to viscometer. 

Another method of accomplishing this constant volume of loading is de¬ 
scribed by Geist and Cannon" The amount of sample introduced into 
the viscometer is such that it is greater than the volume included between 
mark c and the upper end of the capillary arm. When the viscometer and 
contents are in thermal equilibrium with the bath, slight air pressure on 
side arm brings the meniscus down to c anil the excess flows out of the cap.l- 

lary arm (Fig. la). , . . , . 

The constancy of temperature, as indicated above, has a twofold impli¬ 
cation The lesser effect is its influence on the driving head of the liquid, 
for although the linear change with change of temperature in a uniform 
bore capillary is compensated by density change, it is evident that the 
liquid is not confined to such a condition. The greater effect, and of more 
importance, is the temperature dependence of viscosity as given by equa¬ 
tion (31). 

If the sample has been transferred to the viscometer at bath tempera¬ 
ture, it is necessary to wait only a few minutes for temperature equilibrium 
to be established. Then the liquid is forced up to approximately a centi¬ 
meter above the upper mark a, by means of gentle air pressure on the side 
arm. When this pressure is released, the meniscus then moves past a 
again, and one times the interval between the transit of a and b. 

The timing mechanism may be as simple as a mechanical stop watch 
which will register to within ±0.2 sec. or as precise as a photographic 
technique 14 which permits the measurement of viscometric time intervals 
to within ±0.001 sec. The Ubbelohde viscometer, shown in figure lc, 
is operated in essentially the same manner as the Ostwald type. The so- 
called suspended level construction obviously eliminates the problem of 
constant loading volume, for the driving head depends not on the difference 
between two changing liquid levels, but is determined by the fixed point c 
and the average level of the liquid in the capillary bulb B. However, with 
the improved loading techniques described for the simple Ostwald viscom¬ 
eter, the Ubbelohde offers no distinct advantage. 

In figure Id is shown a modified Ostwald viscometer designed by Can¬ 
non 16 for use with opaque liquids. The instrument is filled by inverting 
the capillary arm into the sample and filling to mark F by slight suction on 
the side arm. It is then placed upright in the bath, with a short length of 
clamped rubber hose attached to the capillary arm to prevent the sample 

15 J. M. Geist and M. It. Cannon, Ind. Eng. Ckrm., Anil. Ed., 18, Gil (1946). 

16 M. R. Cannon, Ind. Eng. Chem., Anal. Ed., 16, 708 (1944). 



33G 


T. E. MCGOURY AND H. MARK 


from flowing. When temperature equilibrium is reached the flow time 
through bulbs C and D is measured in the usual manner. Check runs can 
be made only by cleaning and refilling the viscometer. 

Shown in figure lb is another modified Ostwald viscometer, sometimes 
called a reversible viscometer, 17 - 18 that can serve useful purposes. The 
sample is sealed in the viscometer and remains there throughout all sub¬ 
sequent procedures. Thus one may study the temperature dependence of 
viscosity, within the limits previously imposed, at temperatures exceeding 
the boiling point, and, in some cases, immediately below the critical tern" 
perature. Another use is for the study of reactions, the progress of which 
is reflected in the viscosity of the system. For example, the rates of poly¬ 
merization and depolymerization can be followed very conveniently bv 
this method. 18 * 

The general applicability of capillary viscometry is wide, and for this 
very reason the limitations of its usage have been often extended without 
justification. This misuse stems from the fact that the velocity gradient, 
dv/dx, in a liquid during capillary flow, although linear, is not constant! 
The phenomenon presents no difficulty with Newtonian liquids, for by 
definition, there is strict proportionality between the shearing force, r, and 
the velocity gradient. Hence, it is necessary only to know the average 
velocity gradient. However, when one encounters a liquid for which r 
depends not only upon the gradient, but also upon the rate of shear, the 
velocity gradient loses its linearity and assumes an indeterminate form. 
An empirical correction for this is described in Section 5. 
r The conclusion then is that capillary methods should be used only for 
Newtonian liquids. This includes the majority of pure liquids, solutions 
of low molecular weight materials in these liquids, and, in some cases, 
very dilute solutions of polymers. 


3. Falling Ball Viscometer 

In many instances the capillary viscometer is not convenient to use when 
one has to measure viscosities in the range of or greater than 10 4 centipoises. 
This need often occurs in industrial work, particularly in processes involv¬ 
ing high polymeric materials. For this purpose one finds that a falling ball 
method is very useful. 

According to Stokes law, the constant force, F, operating on a rigid sphere 
causing it to move through a fluid with a constant velocity, V, can be ex¬ 
pressed as: 


17 1. I. Zhukov, V. Komarov, and (J. X. Sibiriakova, Koltoid. Zhur., 1, 9 (1935). 
18 It. B. Mcsrobian and A. V. Tobolsky, J. Am. Chcm. Sue ., 67, 785 (1945). 
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F = iixrjrV 


(IB) 


where r = radius of sphere in cm. and y = viscosity of fluid in poises. 

If the sphere is one falling through a liquid by virtue of its own weight, 
the downward force is: 

F = 4 /a *r*g(p - p') ( l9 ) 

where g = 980 cm. sec. p = density of sphere, and p = density of liquid. 
Equating equations (18) and (17) and solving for i>, one arrives at: 

H = 2r 2 (p - p’)g/9V (20) 


It must be realized, however, that in the derivation of Stokes law the 
following conditions were assumed: (a) that the velocity is so small that 
the higher powers occurring in the derivation can be neglected; (b) that 
there is no slippage between the liquid and the surface of the sphere; and 
(c) that the liquid is of infinite extent. 

With respect to condition (a) Rayleigh 19 established the criterion for a 
sufficiently small velocity to be: 


Reynolds number = R 



( 21 ) 


Since one has a liquid of viscosity, y } and density, p', there is no choice 
but to alter r, the radius of the sphere, to give the necessary velocity. Ob¬ 
viously one could also use spheres of different densities, but this is mechani¬ 
cally difficult and impractical. 

Condition ( b ) has been confirmed for laminar flow of all liquids and 
merits no further consideration. Condition (c), however, constitutes such 
a large deviation from the true situation that there are two correction terms 
to be incorporated in equation (20). Ladenburg 20 has calculated that for 
the case of an infinitely long cylinder of liquid, with the sphere falling along 
the axis, equation (20) must be modified into: 


2 r 2 (p ~ p)q 
9F(1 + 8 r/R) 


( 22 ) 


where R is the radius of the cylinder. 

In addition, the cylinder cannot be of infinite length, and the effect of 
the closed end is to introduce a second correction factor, so that equation 
(22) becomes: 


2r«(p - P ')g 

9F(1 + Sr/R)(l 4- 3 r/L) 



19 Lord Rayleigh, Phil. Mag., 36, 354 (1893). 

31 It. ladenburg, Ann. Physik, 22, 287 (1907). 
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where L is the length of the column of liquid below (he falling sphere that 
is not traversed during the timed fall. 

As with capillary viscosity, the basic equation (23) can be reduced to: 

Mp - p') 

’Jknown = - T, - U-4) 

» * 


and the constant A evaluated with a liquid of known viscosity, whence: 

A( P - p') 


Vunk 


nown 


Vu 


(25) 


A much more refined instrument utilizing the falling sphere principle 
has been developed by introducing a few simple changes. This viscometer 
is the rolling ball type and, as the name implies, consists of a system in 
which a ball can roll down an incline through the liquid sample. Figure 2 
shows the construction of a commercially produced viscometer, called a 
Iloeppler viscometer, employing this technique. 

The Iloeppler viscometer differs from the simple falling ball system in these 
respects. In the Hoeppler viscometer: (/) the difference between the 
cylinder diameter and the ball diameter is much less; (2) the cylinder is of 
uniform diameter throughout its entire length; and (.?) the cylinder may 
be inclined away from the vertical position, permitting the ball to roll with 
a line of contact with the cylinder. 

The relationship between the viscosity of the fluid employed in this vis¬ 
cometer and the other factors is: 

</y<7sin0 ,/p\ ,(d\ . 

” = c v * V/* V5/ ( ) 

where c = proportionality constant, d — diameter of sphere in cm., p' = 
density of fluid, p = density of sphere, g = gravitational constant in cm. 
sec. -2 , V = terminal rolling velocity of sphere in cm. sec. -1 , D = diameter 
of cylinder in cm., and 6 = angle of inclination of the cylinder to the hori¬ 
zontal. <p' and are functions ascertainable only by experiment. 

This equation was derived by Hubbard and Brown 21 who also evaluated 
the functions <p' and from their experimental data to obtain: 


5x t „d-p' sin 6 (p — p) (I) + d) 

V = 42 h v 7 T 


which reduces to: 


= A* 


(P ~ P') 

V 


(27) 

(28) 


the same equation as (24) with a different instrument constant. 

81 It. M, Ilubbard ami G. G. Brown, Ind. Eng. Chem., Anal. Ed., 15, 212-218 (1943). 
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By virtue of its derivation, equation (27) » vahd only mithe * 

streamlined flow, but moderately turbulent cond't.ons can be con,cted y 
calculation. However, it is much more desirable o make■■change n 
viscometer constant, A', to keep the flow streamlined Th.s may be ar 
ranged by changing the cylinder diameter, sphere diametei, sphere den. y 

or cylinder inclination. 



Operation of the simple form of the falling ball viscometer employs a 
cylinder of the liquid through which the fall of the ball can be observed and 
timed. The assembly is, of course, maintained at constant temperature. 

For pure liquid samples not appreciably volatile at the working temper¬ 
ature, and solutions of low concentration, the cylinder may be open to the 
atmosphere at the top and the spheres dropped in manually. Care should 
be taken that the fall of the sphere has reached a steady state before the 
timing is started. 


340 


T. E. M c; G O U It Y A N I) II. M A It K 


However, if the sample is sealed in the cylinder along with a steel sphere, 
the determination may be made at higher temperatures, even above the 
boiling point of the liquid without loss of sample or change in concentra¬ 
tion. The sphere may be held in position by a magnet, or the cylinder 
may be inverted and the fall timed in the opposite direction. 

The Hoeppler instrument, as indicated, is a much more precise viscom¬ 
eter, and can measure a wider range of viscosities than the form just de¬ 
scribed. The cylinder is inclined at a small angle, as shown in figure 2, 
with the sample and selected sphere therein. When temperature equilib¬ 
rium with the water jacket has been reached the assembly is inverted to the 
predetermined angle and the rolling time of the sphere observed. Check 
runs are again made by inverting the instrument. A precaution which 
should be observed concerning handling of the spheres is that they should 
not be touched by hand. They are best manipulated with chamois- or 
felt-tipped forceps. 

The rolling sphere instrument is noted for its simplicity of construction 
and flexibility of operating conditions. By proper choice of cylinder and 
sphere diameters, one may measure the viscosity of gas, or viscosities of 
Newtonian liquids as high as 10 4 poises. In addition, the rolling technique 
permits its use with opaque liquids, for there is always one point of contact 
between the sphere and cylinder wall available for observation. 

The Hoeppler instrument may be used as a precision viscometer when one 
is dealing with Newtonian liquids. With non-Newtonian liquids the same 
objections may be raised as with the capillary viscometer. However, of 
the instruments, as applied to the measurement of non-Newtonian liquids 
of high viscosity, the Hoeppler viscometer is more satisfactory in that it is 
better adapted to a control of important variables in the measurement, e. g. t 
rate of shear. 


4. Coaxial Cylinder Viscometer 

The third general type of viscometer used extensively for research and 
industrial purposes is the coaxial cylinder instrument, often known as the 
Couette viscometer. It appears in many modifications, depending upon 
specific usage; only the basic principle will be described here. 

In this instrument the liquid under study exists as a thin cylindrical 
layer between two coaxial cylinders of height L, which have the radii R\ 
and Rt, ( R? > Ri). Usually the outer cylinder is rotated with uniform angu¬ 
lar velocity, gj, which causes the inner cylinder, which is connected to a 
torsion-measuring device, to have imparted to it an angular moment, M. 
It can be calculated that for the laminar flow of a Newtonian liquid this 
moment is: 
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R\R\no) ,, 
M “ 4rL = 


(29) 


K is a constant characteristic for a given apparatus Equation (29) 
shows that for a given liquid the angular deflection 6 of the inner cylinder 
is directly proportional to the angu'ar velocity of the outer cylinder. It 



Fig. 3.—Principle of the Couette viscometer (PhilippofF). 


angular deflections of 9 and 9' are found for two different liquids at angular 
velocities a> and the relation between their viscosities is: 


V 


f 



(30) 


It should be realized also that equation (29) is applicable only if the 
surfaces acting upon the liquid are those included in the height, L. This 
situation cannot be realized if liquid touches the bottom of a closed inner 
cylinder, or the inner walls of an open one. To obviate these difficulties, 
precision instruments are constructed with liquid locks at either end of the 
inner cylinder, so that the liquid is effectively operating on the area 2t tR\L. 
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The basic construction of this instrument is shown in figure 3. The 
sample is placed in the outer rotating cup which is then driven at constant 
speed by the motor arrangement. The deflection of the inner cylinder, or 
the torque exerted thereon, is measured by a suitable device and scale 
which must necessarily be calibrated against a liquid, or several liquids, of 
known viscosity. 

For precise measurement of low viscosities the torsion-reacting element 
is a quartz wire. The quartz does not change its elastic properties with 
continued usage and is not affected by atmospheric conditions. More 
viscous materials sometimes necessitate sturdier instruments and some¬ 
what different construction. One variety employs a motor-driven bob as 
the inner cylinder which dips into the outer cup of specified dimensions. 
The bob is actuated by the motor through a coaxial spring tension arrange¬ 
ment. Then, when the motor and bob arc moving at constant speed, one 
can read the lag of the bob on an arbitrary scale, and eventually convert 
the scale reading to viscosity units. This arrangement, as one would ex¬ 
pect, reduces the accuracy of the original design in that it is d fficult to cor¬ 
rect the velocity-gradient effect when non-Newtonian liquids arc under 
investigation. 

Special designs of the rotating viscometer have been made for specific- 
uses. One high-speed type is used to study the change in viscosity of 
printing inks with changing rate of shear. 22 Another sturdy model will 
measure viscosities as great as 1000 megapoises. 23 

The original Couctte instrument constitutes one of the most accurate 
means for determining viscosities regardless of the flow characteristics of 
the liquid involved. The reason is that the velocity gradient across the 
annular space is very nearly constant, and approaches constancy as the 
ratio of the annular space to the radius of the inner cylinder becomes 
smaller. When the velocity gradient is constant, the velocity distribution 
is linear, and one can always correctly evaluate the viscosity behavior at 
various shearing rates of non-Newtonian liquids. Then, the range of 
usage and accuracy of the instrument is limited only by the accuracy of 
response of the torsion-measuring device; although, unfortunately, most 
of the work with the original Couette-type viscometer has been restricted 
to systems of low viscosity. Whenever one is interested in obtaining ac¬ 
curate measurements, free of many disturbing factors, the C ouette should 
be chosen. 

The rotating inner bob instrument, such as the Stormer viscometer, has 
the same shortcomings as any viscometer which does not have a constant 

” II. Green, I ml. Eng. Chem ., Anal. Ed., 14, 576 (1042). 

» It. N. Traxlcr, J. W. Romberg, and N. E. Schwcycr, Ind. Eng. Chcm., Anal. Ed., 14, 
C40 (1942). 
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Sb'which may induce''consiSle amount of 

urements unless it is fully and accurately accounted for. The treatment 
of this problem for this type of viscometer has been ingemously handled y 

^Ton/hns seen, these are the basic procedures for measuring viscosity, 
and, as one may expect, the variations of these techniques can be greatly 
extended to suit the particular need. The object of these evaluations has 
been to outline briefly some of the more important considerations one 
should make before determining viscosity. To further consolidate the 
picture, a simple, and obviously flexible, guide to usage has been plated at 
the end of the interpretive portion of this discussion. 


5. Variables and Conditions of Viscosity Measurements 

Several conditions must be met to permit accurate measurement of vis¬ 
cosity; those which are common to all types of instruments will be eon- 
sidered first. 


A. TEMPERATURE 

Of prime importance is the control of temperature (see Chapters I and 
II) for, being a rate process, viscosity is strongly dependent thereon. 1 he 
general relationship between viscosity and temperature is given by the 
Andrade equation: 

t? = Ac b/rt (3D 

where A and B arc constants for each liquid and R is the gas constant. A 
possible use of this relation, if the values of A and B are known, is in the 
evaluation of the permissible variation in temperature for a given allowable 
uncertainty in the viscosity. This may be done most conveniently graphi¬ 
cally by obtaining the slope of the viscosity vs. temperature curve at the 
temperature in question, and substituting this value for drj/dT in the rela¬ 
tion: At? = (dr)/dT) A7’. At? and A T are the respective uncertainties 
in t? and T. However, for most routine determinations, a variation of 
±0.1° C. is usually adequate. 


B. VELOCITY GRADIENT 

It is obvious from the defining equation (1) for viscosity that if for any 
24 M. Mooney and R. II. Ewart, Physics, 5, 350 (1031). 
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reason there is not strict proportionality between the shearing force, t, 
and the velocity gradient, dv/dx, the observed ratio of the two quantities 
will not be constant, and therefore the viscosities corresponding to these 
conditions will not be identical. If this is found to be the case, the system 
in question is said to be non-Newtonian; it may be either a liquid or a solid 
depending upon whether a yield point exists, i. c., failure to flow under ex¬ 
tremely small but physically finite stress. Conversely, a Newtonian sys¬ 
tem (which systems are always either liquids or gases) is, by definition, one 
to which equation (1) necessarily applies and, therefore, the calculated 
viscosities of such systems at various velocity gradients (rates of shear) 
must always be numerically identical. It is fortunate that the number of 
pure liquids which deviate from simple Newtonian flow is small; solutions 
of high polymeric materials often show noticeable deviations. 

One method of correcting for this is, in the case of polymer solutions, to 
plot the viscosity determined at different velocity gradients against the 
gradient and extrapolate to zero gradient. It should be recognized that 
this must be done with each concentration of the polymer solution also. 

0 

C. GENERAL 

In addition to the above conditions, which apply to all viscometers, one 
must observe special precautions in the case of capillary viscometers. 

(/) All liquids and solutions should be filtered before use to insure re¬ 
moval of dirt, fibers, glass splinters, gels, or any type of impurity that would 
clog the capillary. 

(2) Difference in surface tension between the calibrating liquid and the 
test liquid will introduce a small error when one is determining absolute 
viscosity. If water is used to calibrate for subsequent measurements on 
hydrocarbons the error is about 0.1%. For polymer solutions, the differ¬ 
ence between the surface tension of the solvent and solution has not ap¬ 
peared significant. 

(5) When one is measuring the temperature dependence of viscosity over 
a particularly wide range, the change of the viscometer constant with tem¬ 
perature may become significant, depending upon the volume of flow. 
Cannon 26 has estimated the change to be 0.1% per 30° C. for a volume of 
about 10 cc. 

In connection with the degree of accuracy which can be obtained in 
capillary viscometry by adequate control of variables, the work of Riley 
and Seymour is exemplary. 28 


“ M. R. Cannon, Ind. Eng. Chem., Ana'. Ed., 16, 708 (1944). 

“ J. Riley ami (J. W. Seymour, I ml. Eng. Chem., Anal. Ed., 18, 387 (1946). 



VIII. VI8COMETRY 


345 


IV. INTERPRETATION OF RESULTS 
1. Single-Component Systems 

Viscometric data can be of considerable interest to an organic> chemist 
because it has been possible to relate v.scosity to a certain extent to the 
constitution and geometry of the molecule. In the cases of low molecular 
weight materials, constitutional differences exert a greater .vis¬ 

cosity than does the geometry, as is illustrated by the following data for 

some pure hydrocarbons. 27 


Table II 

Relation between Constitution and Viscositt of Hydrocarbons 


Absolute viscosity at 20° C. 


Compound 


0 227 . n-Pcntane 

0 . 308 .. . . . . . . . . .. n-Hexane 

.. n-Hcptane 

0 542 . n-Octanc 

o.tn. *!!!!!!! .. 2,3,3-Tnmethyipentane 

0 .. 3-Ethyl hexane 


The two isomeric octanes listed are those of the 16 liquid isomers which 
have the highest and lowest viscosity. It should also be noted that the 
viscosity of a branched isomer may be greater or smaller than that of the 
straight-chain compound. 

It is apparent from these data on comparatively simple compounds that 
the problem of relating viscosity and constitution is not an easy matter. 
The early attempts to make such a correlation were investigations of 
homologous series, with the aim of finding some additivity of groupings 
from which one could calculate the viscosity of compounds. Work by 
Thorpe and Rodger 28 showed that in an homologous series each additional 
CH 2 group contributes an increment to the viscosity; but the increment is 
not constant, depending upon such factors as the number of CH 2 groups 
already present, end groups, and temperature. 

Bingham 29 showed during his extensive studies of homologous series that 
the use of fluidities instead of viscosities permitted a better correlation with 
constitution, but this is by virtue only of the reciprocal relationship between 
the two quantities. More important was his idea of comparing the dif¬ 
ferent members of the homologous series at constant fluidities rather than 
at constant temperature. 

27 J. M. Geist and M. R. Cannon, Ind. Eng. Chem., Anal. Ed., 18, 611 (1946). 

*» T. E. Thorpe and J. W. Rodger, Proc. Roy. Soc. London , A60, 152 (1896). 

w E. C. Bingham, J. Am. Chem. Soc., 46, 959 (1913); 43, 302 (1910). 
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However, this principle of observation of corresponding states for vis¬ 
cosity measurements was not adequately developed until after the intro¬ 
duction of the concept of parachor by Sugden 30 in 1924. Following this 
lead and relationships developed by others, Friend 31 was able to derive an 
additive viscosity function for pure liquids, which he termed the rheochor. 

Table III gives the additive contributions of various atoms and group¬ 
ings as determined by Friend and Hargreaves. 31 


Table III 

Rheochor Increments R = Afi*‘/«/(Z) + 2d) 


CH,. 

.. 23.8 

H (in C—H).... 

5.5 

C. 

.. 12.8 

H (in COH). 

. 10.0 

0 (ether). 

.. 10.0 

Cl. 

. 27.3 

COO (acids and esters).... 

.. 36.0 

Br. 

. 35.8 



H in HC1. 

. 9.7 



H in HBr. 

. 12.6 



Hin HI. 

. 15.0 

C,H» in C.H»R.... 


. 100.7 



The applicability of the rheochor measurements and additivity may be es¬ 
timated by observations of Friend and Hargreaves 31 which are reproduced 
in table IV. 


Table IV 

Rheochor Measurements 


Compound 

*(obs) 

A(calo.) 

n-Butyl bromide 

135.5 

136.5 

n-Amyl bromide 

159.8 

160.3 

iso-Amyl bromide 

160.0 

160.4 

Methylene dibromide 

93.1 

95.4 

Methyl ethyl ketone 

108.2 

108.4 

Propionic acid 

99.1 

99.1 


Of considerable interest and significance also is the equation proposed 
by Thomas, 32 relating the variation of the viscosities of liquids with a re¬ 
duced temperature in terms of two constants: 

log vVi = C + KiTJT - 1) (32) 

where v = specific volume, C and K are two empirical constants, T = 
absolute temperature in degrees Kelvin, and T e - critical temperature 
(° K.). 

* S. Sugden, J. Chem. Soc., 125, 1185 (1924). 

11 J. N. Friend, Nature, 1943, 432. J. N. Friend and W. Hargreaves, Phil. Mag., 1943, 
643. 

” L. H. Thomas, J. Chem. Soc., 1946, 573. 
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An evaluation of C showed that it is approximately a constant for al 
..jrmal, nonassociated liquids, having a mean value of 0.0670 which perm.ts 
equation (32) to be expressed as: 

log ,Vi = 0.0670 + K(TJT - 1) (33) 


no 


To ascertain the dependence, if any, of K on molecular constitution, 
Thomas let TJT = 2 in the original equation so that: 

log vVv = TJ 2 = C + K (34) 

Evaluation of several homologous series gave a value of K cn , = 0.036, 
from which it can be shown that there is a constant increase in *V« « * 
temperature of TJ 2 from one member of any homologous series to the 
next of 8.6%. Thomas’s atomic and structural constants for K are given 
in table V, and the applicability is demonstrated with his data m table VI. 


Table V « 

Atomic and Structural Constants for K Values 



0.462 

Double bond 

- 0.478 

- 

0.335 

0.249 

C.H* 

CO (ketones and esters) 

- 0.385 

=. 0.105 

- 

0.054 

CN (cyanides) 

= 0.381 

aa 

0.340 




0.043 



- 

0.326 




Table VI 


Application of K Values to Homologous Series 


Compound 

K (calc.) 

K (obs.) 

at 300° K 

Calc. 

Obs. 

Propane 

0.606 

0.619 

1.61 

1.61 

Butane 

0.642 

0.612 

2.17 

2.19 

Ethyl bromide 

0.647 

0.634 

3.21 

3.08 

Amyl bromide 

0.755 

0.717 

7.00 

6.78 

Ethyl acetate 

0.765 

0.790 

4.32 

4.39 

Propyl acetate 

0.801 

0.836 

5.40 

5.67 


A similar equation developed by Flory 33 from experimental work on mol¬ 
ten high polymers which relates viscosity to constitution for homologous 
series can be written as: 


In ij 


± +*?'•+*- 
R R T RT 


(35) 


” P. J. Flory, J. Am. Chem. Soc., 62, 1057 (1940). 
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where A, B , and C are constants for each polymer, Z = weight average 
chain length, and R = gas constant. 

Eyring 34 showed that this equation is consistent with his theoretically 
derived equation relating viscosity with heat and entropy changes asso¬ 
ciated with viscous flow. Also, equation (32), can he rearranged to a 
form analogous to the Eyring equation. 

With respect to the viscosity of pure liquids, it may be said that the 
present correlations between viscosity and constitution are at a reasonably 
advanced stage, and future consideration directed along past lines of in¬ 
vestigation should be fruitful. 


2. Binary Systems 


A. LIQUID-LIQUID SOLUTIONS 

The consideration of the viscosity of liquid mixtures is not of particular 
interest to the organic chefnist except perhaps in the limited sense of prac¬ 
tical industrial applications. However, this topic will be dealt with 
briefly. 

It was proposed by Bingham that the following relationship expresses 
the viscosity of an ideal binary liquid mixture: 

•p = Nitpi 4- N*pt (36) 

where and y* are the fluidities of the pure components and N\ and N 2 
are their respective mole fractions in the mixture. 

However, very few binary liquid mixtures behave ideally, and the devia¬ 
tions may be such as to produce positive or negative deviations from equa¬ 
tion (36). In the case in which the fluidity of the mixture is greater than 
the calculated ideal value, the influence of dissociation is predominating 
over that of both association and complex formation; whereas, if the 
fluidity is less than the calculated value, the converse is true. Since the 
predominant action can come about in several ways, one cannot interpret 
the mechanism unless something is known of the degree of association pres¬ 
ent in the pure components. For example, it is generally believed that 
the increased fluidity of phenol-benzene or alcohol-benzene mixtures is 
caused by the dissociation of the phenol or alcohol when mixed with ben¬ 
zene, since both the phenol and alcohol are usually associated in the pure 
substance. However, as indicated, the interpretation of the viscometric 
data depends upon prior knowledge of this association. Conversely, how¬ 
ever, if one has full knowledge of the degree of association of the two pure 

S. (ilasstone, K. J. Laidler, and H. Eyring, The Theory of Rale Processes. McGraw- 
Hill, New York, 1941, pp. 500 el seq. 



VIII. VISCOMETRY 


349 


liquids, a study of the viscosity of the mixture will yield information con- 
r erning their mutual influence. 

B. SOLID- LIQUID SOLUTIONS 

For low molecular weight solids little is to be gained by determining the 
viscosity of their solutions, except in some special cases, for instance if 
information on solvation is desired. In most instances it is preferable to 
treat low molecular weight organic solids as liquids with high freezing 
points, and to determine the viscosity of their melts. Such determinations 
should be made far enough above the melting point to eliminate the major 
effects of association. Thus one can apply the relationships concerning 
pure liquids to such measurements. 

However, there is a limit to this procedure when the molecular weight 
of the compound increases into the range of that of industrially useful 
high polymeric materials. This lower limit of useful molecular weight for 
a fiber, plastic, or rubber is of the order of 20,000 to 40,000, depending upon 
the compound. Materials of such high molecular weight do not exhibit 
sharp transitions from solid to liquid, and one has no way of determining 
when the liquid state has been reached. In addition, many polymeric 
materials will decompose before the melting range is reached. 

Consequently, these high polymeric materials are the compounds about 
which interest has centered concerning solution viscosity. By dissolving 
the polymer, one is attempting to minimize the association of the molecules. 
This end is best realized by working in dilute solutions. 

It was first expressed by Berl 35 and Biltz 5 * that a general relationship 
exists between the viscosity of a polymer solution and the molecular 
weight of the polymer. The first mathematical formulation was given by 
Staudinger 37 who used the specific viscosity (Eq. 7) in place of absolute 
viscosity in an expression: 

„, p yc = KM (37) 

where K is a constant, and M the molecular weight of the polymer. It is 
seen that ij gp ./c is really the reduced viscosity (Eq. 8), and that at infinite 
dilution equation (37) becomes: 


M = km 


(38) 


Very often the simple expressions equations (37) and (38) serve to relate 
viscosity and molecular weight adequately, but recent more systematic 

36 E. Berl, Z. ges. Schiess- u. Sprengstoffio., 5, 82 (1910). 

» W. Biltz, Z. physik. Chem ., 73, 481 (1910); 83, 625, 683 (1913). 

37 H. Staudinger, Die hochmolefcularen organischen Verbindungen. Springer, Berlin, 
1932. 
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studies have show'll that at least two modifications of the Staudinger equa¬ 
tion are necessary for broader quantitative correlation. 

(а) Equation (38) will not represent the relationship between intrinsic 
viscosity [ 77 ], and molecular weight for low polymers, and several workers 
have shown that it must be placed by a relationship ; 37a ' 40 

M = KM + k' (39) 

where K and k' are two constants characteristic of the homolog-solvent 
system. In the systems investigated, equation (39) is useful up to a molec¬ 
ular weight of approximately 800. Then from this value up to 10,000, the 
simple Staudinger relationship will suffice. 

(б) Above a molecular weight of 10,000, however, it has been found, 400 
and confirmed by many workers 41 ” 44 that the relationship must be: 

M - KM a (40) 

where K and a are two constants characteristic of a given solute-solvent 
system. In table VII are shown 46 a few of the K and a values for some 
systems. 

In general, the constants K and a may be obtained from equation (40) 
by plotting log fo] vs. log M ; then the intercept of the straight line will be 
log K and the slope will be a. If the molecular weights of well-prepared 
fractions, i. e., having essentially uniform chain lengths, are determined 
by any convenient method—such as the osmotic pressure method (compare 
Chapter XI)—equation (40) expresses the relation between the intrinsic 
viscosity and: (a) the viscosity average molecular weight of the polymer’ 
independent of its chain-length distribution, and (6) both the viscosity 
average and the number average molecular weights of those samples of the 
polymer which are essentially homogeneous or uniform in chain length. 
Unless the distribution of chain lengths of a particular sample is known it is 

C. S. Fuller, W. O. Baker, and J. H. Hciss, Jr., J. Am. Chcm. Soc., 63, 3316 (1941). 

« R. Fordyce and H. Hibbert, J. Am. Chem. Soc., 61, 1912 (1939). E. Lovell and H. 
Hibbert, ibid., 62, 2140 (1940). 

* R. M. Fuoss and D. J. Mead, J. Phys. Chem., 47, 59 (1943). 

K. H. Meyer and A. van der Wijk, Helv. Chim. Ada, 18, 1067 (1935); 19, 218 
(1936). 

** H. Mark, Z. Eleklrochem., 40, 449 (1934); sec also Der feste Korper, Hirzel, Leip¬ 
zig, 1938. 

41 R. Houwink, J. prakl. Chem., 157, 15 (1940). 

«* P. J. Flory, J. Am. Chem. Soc., 65, 372 (1943). 

4 * T. Alfrey, A. Bartovics, and H. Mark, J. Am. Chem. Soc., 65, 2319 (1943). 

44 M. L. Huggins, Ind. Eng. Chem., 35, 980 (1943); J. Am. Chem. Soc., 64, 2716 
(1942). 

u A. Goldberg, W. P. Hohenstcin, and H. Mark, J. Polymer Sci., 2, 503 (1947). 
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Table VII 



Viscosity-Molecular Weight Relati onships of High Po lymers 

Molecular 
wt range 
X io-» 


Visco‘ieics 


Remarks 


Polymer 


Cellulose Cuprammonium 

oxide 25 

Cellulose acetate Acetone 25 

Acetone oU 

Acetone 25 

Cellulose-acetate Acetone 25 

butyrate Acetic acid £> 

Pyridine 25 

Amylose Ethylencdiamine - 

Amy lose acetate Chloroform - 

Pectinic acid 0.155 M NaCI 

soln. 25 

Pectin nitrate Acetone 

Polyisobutylenc Diisobutylcne 20 

Polyisoprcne Toluene 

GR-S copolymer, Toluene 30 

butadiene and 
styrene 

Polystyrene Toluene 

Toluene - 

Toluene - 

Toluene 30 

Butanone *10 

Methyl meth- Benzene 25 

acrylate Chloroform 20 

Chloroform 20 


0 — O, F, Approx. 

64 0.056-13 0, F, 23 from 4 

samples 

67 0.40-15 O, F, 22; hevea 
rubber 

66.0.25-9.2 O.F, 7 


70 5.5-20.5 O, F. 4a 

80 1.1-3.4 O, F, 4b 

12 1.1-1.7 0, F, 4c 

62 2.0-18 O, F. 6 

532.0-18 O, F. 6 
76 0.56-9.8 O, F, 12 

82 0.56-9.8 O, F, 12 

85 0.5-10 O. F. 18 from 7 
samples 

83 0.61-8.5 O.U. 5 

68 3.8-16.3 O, F, 18 (41) 

63 0.61-8.5 O.U, 5 

67 0.77-8.5 0,7,12 

67 0.44-1.1 0,7,6 

67 0.004-0.05 E. U, 12 
51 0.004-0.05 E, U, 12 
0 0.002- E, U, 7 

0.126 


Polyvinyl acetate Acetone 
Acetone 

Bis (2-chloro- 
ethyl) ether 
Acetone 

Polyvinyl alcohol Water 
Poly-<-amino Cone. H 1 SO 4 
caprolactam 40% IIiSO« 

(w)-Hydroxyun- Chloroform 
dccanoic acid 
polymer 

Dimethylsiloxane Toluene 

O = osmotic determination of molecular weight. E = end group determination of 
molecular weight. F = fractionated samples. U = unfractionated samples, a = 
bulk polymerized at 60°. b = bulk polymerized at 120°. c = bulk polymerized at 
180°. Number of samples is given in the last column. 


not possible to obtain the number average molecular weight from intrinsic 
viscosity data by means of equation (40). 

The viscosity average molecular weight, which was originally defined 
by Flory, 42 becomes identical with the better-known weight average molec¬ 
ular weight of Kraemer and Lansing 46 when the exponent a of equation (40) 


** E. O. Kraemer and W. D. Lansing, J. Phys. Chem., 39, 153 (1935). 
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is equal to unity, in which case equation (38) becomes applicable. These 
and related points are discussed in papers by Huggins 44 and by Wagner. 47 

The relationships between the viscosity and concentration of high poly¬ 
mer solutions are too numerous, and in many cases too limited in scope, to 
be considered here, but two equations, from which can be estimated the 
intrinsic viscosity fa], for use in equation (25), will be considered. One is 
the equation of Huggins: 44 

». P ,/c = fa] + k'W'c (41) 

where k' is a constant characteristic of each solute-solvent system. Ob¬ 
viously, if one plots r 7 8p ./c vs. c, the intercept will represent fa]. 

The other equation of interest is a modified form of the Baker-Philippoff 
equation developed by Riley 48 for cellulose acetate solutions: 

= (1 + pMc) (42) 

The value of fa] is obtained by plotting fa vs. c, that value of p being used 
which gives a linear plot. From the slope one can calculate the intrinsic 
viscosity. 

In both equations (41) and (42) the relationship between viscosity and 
concentration is expressed by two parameters. The intrinsic viscosity, 
common to both equations, is mainly a function of molecular size, and to a 
much lesser extent a function of the solvent used. The other parameters, 
k' and p, are presumably functions of polymer-solvent interaction, and are 
consequently characteristic of each polymer-solvent system. 

V. GUIDE FOR SELECTION OF METHODS 

Table VIII is intended to guide the work in the general direction of the 
proper method and instrument, and is by no means inflexible. There is 
much overlapping of range and precision. The precision attributed to a 
particular method or instrument also includes the accuracy of the result, 
and for this reason one may observe that a very precise method has been 
excluded from the high-precision category simply because of inherent in¬ 
accuracy. That one may also make revisions in his available equipment 
to suit the particular need is obvious. For example, there is no reason why 
the Ostwald viscometer cannot be used for temperature-dependence 
studies if one provides that the liquid does not evaporate. 

The designations for precision are as follows: H represents the precision 
for measurements from which one wishes to estimate as accurately as pos- 

« R. H. Wagner, J. Polymer Sci., 2, 21 (1947). 

45 J. Riley, J. Polymer Sci., 1, 434 (1946). 
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Table VIII 

Suggested Guide to Usage of Various Instruments 


Nature of liauid or 
inform ation deaired 

Newtonian 


Non Newtonian 


Opaque 

Temperature 

dependence 

Polymer 

molecular weights 
Very volatile pure 
liquids and solu¬ 
tions therein 


Precision 

desired 


H 

H 

A-IC 

A-IC 

A-IC 

H 

H 

A-IC 

A-IC 

A-IC 

A-IC 

H 

A-IC 

A-IC 

H 

A-IC 

H 

A-IC 

A-IC 


Range 

poises 


10 "*- 10 4 

10 ’ 

10 *- 10 4 

10 *- 10 4 

10 * 

10 -*- 10 « 

10 * 

10 *- 10 4 

10 * 

lO-^lO 4 

10 * 


10 * 
10 -‘ 
10 “*- 10 4 
10 *- 10 * 
10 * 


Type of 

measurement 


Rolling ball 
Coaxial cylinder 
Falling ball 
Coaxial cylinder 

Capillary 
Rolling ball 
Coaxial cylinder 
Falling ball 
Capillary 
Rolling ball 
Capillary 
Rolling ball 
Capillary 
Capillary 
Coaxial cylinder 
Capillary 
Rolling ball 
Falling ball 
Capillary 


Speci&c 

instrument 


Hoeppler 

Couette 

Rotating bob or 
disk 
Ostwald 
Hoeppler 
Couette 

Ostwald 

Hoeppler 

Cannon 

Hoeppler 

Reversible 

Ostwald 

Couette 

Ostwald 

Hoeppler 

Reversible 


sible the viscometric properties of the liquid. Such evidence is needed for 
the advancement of new postulates or confirmation of proposed theories 
within the sphere of interpretive viscometry. 

The other designations, A and IC, cover the range from reasonably pre¬ 
cise determinations that can be statistically evaluated to those determina¬ 
tions that may be used in actual industrial plant control and operation. 
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I. INTRODUCTION 

The region in which two phases meet is designated in general as an inter¬ 
face, and an interface between a gaseous and another phase may be con¬ 
sidered specifically as a surface, although this term, as commonly used, 
indicates any type of interface. Although interfaces are at most only a few 
molecules thick, they are present in many systems, for example in the 
human body, where they are no less important than the phases which they 
inclose. There are many factors which make the energy of surfaces of 
paramount importance. Whenever material passes from one phase to 
another, it must all pass through the surface or interface, so the surface 
plays an important part in such phenomena as vaporization and condensa¬ 
tion. In processes such as adsorption, diffusion through an interface, 
photoelectric or thermo-ionic emission of electrons, adsorption accompanied 
by catalysis, and reactions in nonhomogeneous systems, the material passes 
either through or into or out of surface regions. Moreover, the study of 
friction, lubrication, and adhesion involves, as well, the study of surface 
energy. 

The surface even becomes of greater importance as the volume which it 
incloses becomes very small. The possession of a large surface with a small 
volume is the principal characteristic of the phenomena which are classed 
together as colloidal. Thus, a colloid is distinguished by the fact that the 
surface energy has a value which is an appreciable fraction of the molecu¬ 
lar kinetic energy of the dispersed phase. For example, if one milliliter of 
water is sprayed into spherical droplets 0.01 m (10~ 6 cm.) in diameter, the 
superficial area of the droplets is 600 square meters. The free surface 
energy for this area at ordinary temperatures is about 2.18 X 10 8 ergs or 
10.5 calories, while what is sometimes called the total energy of the surface 
would be about 16.6 calories, or one-third as much as the kinetic energy of 
vibration of the water molecules. 

The importance of interfaces arises also from their abundance. Most 
solids, including cast iron, steel, stone, etc., consist of small crystals, each 
of which is bounded by an interface. These exist around every cell in the 
plant or animal body, around the nucleus or nuclei of each cell, around the 
fibrils, nuclei, nucleoli, chromosomes, genes, and other subdivisions of cells, 
and on both sides of each membrane. The examination under the micro¬ 
scope or ultramicroscope proves, too, that so-called homogeneous fluid 
systems, such as air, water, etc., actually contain an enormous number of 
minute interfaces. In Sugden’s parachor (page 413), the surface tension 
is combined with data on density to give a function of considerable interest 
in connection with structural problems. 
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II. GENERAL CONSIDERATIONS 

1. Reality of Surface Tension and Some Thermodynamic Relations 

Some more recent writers depart from the older methods of thought, and intro¬ 
duce surface tension as hypothetical, or fictitious. That there is a true media 
tension in the surface of a liquid is shown by many phenomena, and is demonstrated 
very simply by the DuprtS frame (Fig. 1), in which a film of soap solution is stretrfied 
onai vertical rectangular framework of wire. The lower horizontal w.re.s free ^ 
move, and, provided the friction is sufficiently small, will move upward teetotal 
tension, i, of the soap film is greater than the weight, » (which includes that of the 
wire), and downward if W is the greater. If y 
represents the surface tension of the film in dynes 
per cm. and l the length of its attachment to the 
movable wire in cm., then, since the film has two 
surfaces, the length of the boundary between the 
two surfaces and the wire is 2/, and 

y = t/2l (1) 

If Ms 5 cm. and / is 250 dynes, then y = 25 dyne 
cm.-*. Now if the wire is pulled downward 10 cm. 

(- d), while y remains constant (which may occur 
if the total area, 2, of the surface of the soap film 
is sufficiently large, and the concentration of the 
soap sufficiently high), then, the area of the surface 
increases by 100 cm.*, and the work done, i. e., the 
increase of free surface energy, is t X d — 250 X 
10 - 2500 ergs or 25 erg cm.”*. 

In an isolated system, any actual change is ac- 



Fig. 1.—Dupr4 frame. 


xu au uuidipu —-o— — — 

companied by an increase of entropy. The problem of the type of change is 
simplified by a consideration of two thermodynamic functions used by Gibbs: 


A = E — TS (Helmholtz free energy) 


( 2 ) 


and: 


F = (E + pv) — TS = H — TS = A + pv (Gibbs free energy) (3) 


in which E is the internal energy of the system and S, its entropy, 
tion: 

dA = dE - TdS - SdT 
dF = dE - TdS - SdT + pdv + vdp 


By differentia- 

(2a) 

(3a) 


At a constant temperature, a change of a system from one state to another increases 
the Helmholtz free energy by: 


AA = AE - TAS 


(4) 
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and if the process is reversible, then: 

Q = T AS since Q/T = AS (5) 

so: AA = AE — Q (6) 

By the first law of thermodynamics, 

W = — AE (7) 

where W is the maximum work which can be obtained from the isolated system in 
the particular change; or the work done by the system equals its decrease of 
internal energy, and, therefore: 

-A A = W (8) 

In an isothermal process, the net work obtained at a constant pressure ( W p ) is less 
than the maximum work by pdv: 

W, - W - pdv (9) 

W p - - AF = W - pdv (10) 

or the decrease of the Gibbs free energy gives the maximum work which the system 
can do aside from that on the surroundings at constant pressure. 

It has been found from experience that thermodynamic equations are valid for 
either a clean surface or a surface covered by an insoluble film without including the 
adjacent phases as a part of the system. It is obvious that this cannot be true if 
adsorption is involved. 

The maximum work ( dW) for a system when its area (2) is increased or de¬ 
creased is: 



dW = —ydZ — pdv 

(id 

where y is the surface tension. If the process is isothermal and reversible: 



1 

n 

•xj 

(12) 

and: 

dF = ydZ -f vdp 

(13) 

So, if p is constant, 

(5F/d2),. r = y 

04) 

and 

= ydE> 

(15) 

The heat content or enthalpy, H, is defined by: 



H = E pv 

(16) 

80 

dH = dE + pdv + vdp 

(17) 

From equation (3): 

H = F + ST 

(18) 

or 

dH = dF + TdS + SdT 

(19) 
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In changes in the area of a surface, it is convenient to designate by small letters any 
change of energy for a unit increase of area. Thus. 

h = (dff/&S)r 


( 20 ) 


From the first and second laws of thermo¬ 
dynamics it may be shown very simply that: 

1211 

where l - - T ( dy/bT),.z is the latent heat of the 
surface. Equation (21) may be obtained directly 
from (19), since the entropy, s per unit area is 
given by: 

< = _ (by/t>D,.z (22) 

Let the internal or total surface energy per cm. 1 be 
designated by «, then: 

« * (dE/aS),. r (23) 

For a system at constant pressure, equation (17) 
gives: 

e = h — pkv (24) 

Now the change of volume of a liquid when its area 
increases by 1 cm. J at constant p and T is extremely 
small, and is negligible as compared with the value 
of h, so: 

( 25 ) 

while not absolutely true, is correct within the 
limits of error of the most accurate experimental 
work. 

Consider a bar of liquid one square centimeter at 
cross section (Fig. 2). Let this be pulled apart at 
a plane (area = 1 cm.*). The work done on the 
system is: 

w c = 27 



Fig. 2.—(a) If a cylinder of 
liquid 1 sq. cm. in cross section 
is pulled apart at the plane P, 
the work done ( w c is equal to 
twice the free surface energy of 
the liquid, which is 2y ); (b) if 
the liquid is pulled away to give 
a clean surface of the solid, the 
amount of work done is ( w A = 
7a + 76 “ 7a6), since the 

surface of the solid and that of 
the liquid are formed and the 
interface between them dis¬ 
appears. 


(26) 


and the increase of energy of the system is: 

= AH = 2h = 2e (27) 


While the work required to pull a liquid apart, given by the work of cohesion, w c , is 
twice the free surface energy or surface tension of the liquid, the work required to 
separate an organic liquid, b, from water or from mercury, a, etc., is: 

w A = 7a + 76 — Tab 


(28) 
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and: *■ ha + h b — h ab (29) 

Actually, a and b can represent any pair of liquids or a liquid and a solid though the 
methods of work are changed very greatly if a solid is involved. Cohesion and ad¬ 
hesion, which are measures of intermolecular action, are among the most important 
physical properties of any condensed system, whether it consists of liquids, of solids, 
or of both. 


2. Intermolecular Forces in Organic Liquids 

Interesting relations concerning the intermolecular forces in organic 
liquids are revealed in table I. As the first example, there is given below 
the increase in the energy of interaction due to an increase of the number of 
carbon atoms in a normal hydrocarbon molecule from 7 to 14. All energy 


Table I 

Surface and Interfacial Tension (7 - Free Surface Energy) and Work and 
Energy of Cohesion (u» c , «c) and of Adhesion (uu, *a) to Water at 20 C. 


Compound 

n 


D 

El 

n 

D 

a 

5 */. * 

"a " ”c,», 

n-Hexane 

n-Heptane 

n-Octane 

18.43 

20.24 

21.77 

52.55 

36.86 

40.48 

43.54 

40.44 

43.76 

49.0 
50 2 

74.3 

92 8 


n-Tetradecane 

26.51 

5417 

53.02 

45.09 

52.6 

72.2 

97.7 

-7 93 

n-Hexadecane 

27 46 

54.84 

54.92 

43.36 

53.2 


94.8 

—9.56 

Benzene 

28.90 

34.96 

69.92 

66.74 

111 

51.7 

134.0 

9.0 

Carbon tetrachloride 

26.70 

45.05 

53.40 

54.45 

62.9 

73 9 

106.0 

1.1 

Ethylene bromide 
Heptylic acid 
n-Octyl alcohol 
wc-Octyl alcohol 

38.80 

28.14 

37.20 

7.54 

77.60 

56.28 

74.40 

93.40 

78.2 

52.6 

68.8 

19.2 

126.4 
150 5 

-3.2 

37.1 

27.53 

8.53 

55.06 

91.80 

50.5 


164.6 

35.7 

26.28 

9.24 

52.56 

89.90 

50 4 

JEu 

170.1 

37.3 


• Total surface energy, t Total intcrfacial energy. 


values are in erg cm."*. (1) The work of cohesion, w Ct increases from 40.5 
to 53.0 erg cm.-’ or by 31%. (2) The total energy of cohesion, tc (2«), in¬ 
creases from 100 to 105, or by only 5%. The value of w c is a much poorer 
measure of the intermolecular energy than <c, so the molecular interaction 
per unit area is increased only slightly (5%) by increase of molecular length 
(doubling). (S) The work of adhesion toward water, w A , increases from 40.5 
to 45 or by 10%, while the energy of adhesion, which represents the ad¬ 
hesion more exactly, increases from 92.8 to 97.7 or by 5.3%. The percent¬ 
age increase in the energy of adhesion is the same, within the limits of ex¬ 
perimental error, as that in the energy of cohesion, and both increases are 

small. . 

Values are not available for the effect of chain length on the cohesion and 
adhesion for alcohols or acids. However, a comparison of the values for 
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n-heptane and n-octyl alcohol gives the blowing 1 jntemrting iMults: 0) 
The value of w c is 40.5 for the hydrocarbon and 55 for the alcohol, whi 
Wa is 40.5 for the hydrocarbon and 91.8 for the alcohol. Thus w c is in¬ 
creased by 36%, but by 127%, or the effect of the hydroxyl group m in¬ 
creasing the work of cohesion is small, but that of adhesion very arge. 
(g) The value of is 100 for n-heptane and almost the same, 101, for - 
octyl alcohol, but <„ increases from 93 to 165, so the introduction of the 
hvdroxvl group increases the molecular interaction by 77%. 

The spreading coefficient, S, for an organic liquid on water is given by. 

S„. = 7 . - 7. - 7„» - - w c( .i ( 3 °) 

This is designated as the initial spreading coefficient. If it is positive, the 
pure, dor, organic liquid will spread over the clean surface of water. 

The extremely important relation emerges that the introduction of the 
highly polar —OH group into a hydrocarbon has very little effect on the co¬ 
hesion in the liquid, but a very great effect upon the adhesion toward 
water and also toward quartz, titanium dioxide (anatase), barium sulfate, 
and other polar solids. The molecular interaction between water and 
organic compounds which contain -OH and -COOH groups, and groups 
which contain nitrogen and hydrogen, is increased considerably by the 
hydrogen bonding which occurs. In molecular interactions toward metals, 
halogen atoms in organic compounds exhibit much larger values than 
hydroxyl groups. 

3. Errors in Surface Tension Determinations 


Although the determination of the surface tension is fundamentally 
simple, the history of the methods employed for this purpose may be de¬ 
scribed as a comedy of errors. The errors were made: ( 1 ) in the experi¬ 
mental methods, and (2) either in the fundamental theory or in the theory 
of the corrections. In general, if one of these errors was avoided, the other 
was embraced, so that even in practically all of the best work between 
1896 and 1916 errors of 3% were made. In the poorer work, the error rose 
to 15 or 20% or even more, and was often especially high in the determina¬ 
tion of interfacial tension. 

These errors had two principal causes: (/) The use, in the capillary 
height methods, of a lower meniscus which was entirely too small. Since 
the results of this method were commonly taken as standards, the error 
thus introduced was reflected in the results obtained by other methods, as, 
for example, the drop weight method. Therefore, most of the surface ten¬ 
sions published during the period mentioned above were about 3% low. 
This error was detected by the writer in work done with Haber in 1909, and 
was pointed out to Richards, who, in 1916, published the first extensive 
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highly accurate work on surface tension. (JB) A much more serious error 
was introduced by the use of an incorrect theory of certain of the methods 
employed. In the case of at least the two most commonly used methods, 
those of the drop weight and the ring, the error in the theory was brought 
about by the neglect of the principle of similitude, one of the relations of 
general dimensional theory. 


4. Principle of Similitude 

For the surfaces of liquids the principle of similitude may be stated in the 
following form. All static liquid surfaces of revolution have the same 
shape, which is independent of the nature of the liquid and its surface 
tension, whenever the necessary dimensionless variables are kept so that 
each has constant value for all the surfaces concerned. 

Capillary Constant.—It was noted more than a century ago that, when 
a very fine capillary tube was used, the product of the radius, r, of any 
tube by the capillary height, h, is very nearly constant. The relationship 
may be written as rh = a 2 , where a 2 is a quantity designated as the capillary 
constant, which, however, varies with the liquid, the temperature, and the 
value of g. Now r and h are linear dimensions, so a also represents a linear 
dimension, and the quantity, r/a, which finds extensive use in the theory 
of the shapes of surfaces, is dimensionless. It has been shown by Harkins 
for the drop-weight method that the linear quantity, V l/ \ where V repre¬ 
sents the volume of the drop, may be used in place of a, and r/V x/t substi¬ 
tuted for r/a. This has the great advantage that, in methods using the 
drop weight or shape, the bubble pressure or a ring, V, is obtained directly, 
while, to obtain a, it is necessary to calculate by successive approximations 
(see also page 372). 

Capillary Height Method.—The height to which a liquid rises in a 
narrow capillary tube above a plane liquid surface outside is determined 
by the surface tension and the angle of contact. The shape, S , of the 
meniscus is, however, for any diameter of tube a function of r/a, and of 0, 
the angle of contact: 

S = /(r/a, 0) (31) 

or, for a zero angle of contact: S = f(r/a) (32) 

Drop-Weight Method.—The principle of similitude applies to any drop 
of liquid which hangs with its surface in contact with the sharp edge of a 
plane, circular, horizontal tip with a vertical cylindrical wall, such as is 
used in the drop-weight method. The shape of any such drop depends only 
on r/a and h/a , where h is the height of liquid which would give the pres¬ 
sure, p, caused by the curvature at the bottom of the tip. Now r/V ,l can 
be used in place of r/a; and this is much more simple, since V is the volume 
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Of the drop. Thus, the shape S of all drops is the same if r/V' 
h/V' h have the same value, so: 

S = /(r/W\ MV ''•) 

S = fir*/V, h'/V) 


and 

(33) 

(34) 


The stability of the hanging drop depends upon its shape, so the shape 
of The drop of maximum size which can hang from the tip >s dependent 
alone upon either r*/7, or h>/V. Thus, for the maxunum drop: 


or: 


s m = Mh'/V) 

S m = Mr>/V) 


It is more convenient to use the latter of these equations, 
any drop which hangs is given by: 

W = Mg = 2rryf{r i /V, h'/V) 


(35) 

(36) 

The weight of 

(37) 


and the weight of the maximum drop by: 

W„ = Mg = 2x ryf(,r’/V) 


(38) 


Now if the maximum weight is exceeded by only a very slight amount it 
is found by experience that, for a drop of this definite shape (when he 
process occurs slowly), a definite fraction of the whole drop» (e. _g, this could 
be 0.8963 in a certain case) falls, and leaves the residue (0.1037 in this case) 
hanging from the tip as a residual drop. Thus, for the drop which falls 
with infinite slowness, the weight is given by the equation: 


W, = Mg = 2<rry/'(rVK) 


(39) 


It is shown later that, in the theory of the shape of a drop, r/o and h/a are 

preferable to r/V' h and h/V' / '. . 

Ring and Bubble-Pressure Methods.—The application of the principle 

of similitude to these methods is given as a part of the discussion of the 

development of these particular methods. 


III. METHODS AND APPARATUS 


Liquids 

1. Choice of Method 

It is important, when work is to be begun upon a problem which in¬ 
volves the determination of surface or interfacial tension, to choose that 
particular method which will give the best results with the least effort. 
There is no single best method. The following may be helpful in the choice. 
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(1) Single Liquids: 

(а) Capillary Height. —For highest accuracy, but slow for surface 
tension. Not as satisfactory for interfacial tension as method 

0 b ). 

(б) Drop Weight.—Best general method for both surface and 
interfacial tensions if both accuracy and speed are considered. 
May be used with a single drop, which may be very small. 

(c) Ring Method. —Very fast and quite accurate for surface ten¬ 
sion, but not properly tested for interfacial tension. How¬ 
ever, the same corrections apply. 

(d) Bubble Pressure.—As now used, a moderately good method for 
surface tension; improved greatly by the use of a single 
bubble, though no work has been published in which this 
has been done. 

(e) Hanging Drop.— At present the least accurate of the five 
methods. Theory, developed partly by Lohnstein 1 and more 
completely by Freud and Harkins. 2 

(2) Solutions: 

(a) Drop Weight.—The best method for surface and interfacial 
tension if long time effects are not involved. 

(b) Ring Method— Excellent for surface tension, even if time 
effects are involved. 

(c) Sessile Bubble or Sessile Drop— The best method if extremely 
long time effects are involved (sessile bubble preferred when 
applicable). 

2. Capillary Height Method 


A. THEORY 

As an absolute method, the determination of surface tension by a measurement 
of capillary height depends upon the very simple relations made evident by fipire 3. 
A narrow tube, T, of known constant internal diameter, dips into the liquid in a 
vessel or tube, V, so wide that the large meniscus is not raised appreciably by 
capillarity. There is then a hydrostatic equilibrium between the liquid in V and 
the part of T below dotted fine AB. Provided the gas and vapor around the tube 
are of negligible density, the whole weight of the liquid in T above this line must be 
held up by the surface tension of the upper meniscus. If the liquid wets the wall 
of the glass tube and the angle of contact between the liquid and the glass is zero, 

»T. Lohnstein, Ann. Physik, 20, 237, 606 (1906); 22, 1030 (1906). 

* B. B. Freud and W. D. Harkins, J. Phyt. Chem., 33, 1217 (1929). 
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liquid in T. 



Fig. 3 .—Capillary height method. 

The weight of this liquid up to line CD (Fig. 3) at the bottom of the meniscus is IF 
m ZZ Where p is the density of the liquid. The total weight supported by he 
MrfJtenaion of the liquid is this weight plus that of the memscus, W . Thus the 

force upward is: 

f u - 2x7*7 ( 4 °) 

and that downward is: / A1 \ 

u - + W ( 41 ) 

At equilibrium, therefore, /„ = fd or: 

y = 7, rfioffp + W'/2tct = */, rtugp + mg/2rr (42) 

where m is the unknown, very small mass of liquid in the meniscus. If the capillary 
tube has an extremely small internal diameter, then IF' is negligible and: 

y = V* rhtgp 


If the vapor around tube T has an appreciable density p«, then a part of the weight 
of the liquid is balanced hydrostatically by the vapor, and equation (41) becomes: 

ft = 2rr , h < ^(p — po) + ff«(p — Po) 


in which v is the volume of the meniscus (».«., of the liquid above line CD). Equa- 
tion (42) is changed by this density correction to: 

7 = l /j rhtf(p — po) + — Po)/27rr (45) 
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For most liquids, it is simpler to add to height ho a small height h', which when multi¬ 
plied by irr J gives volume v of the meniscus, and to consider a total height h = ho +h'. 
With capillary tubes of small diameter such as those generally used for the deter¬ 
mination of surface tension, h' = r/3 (valid with water for r < 0.2 mm.): 

h = + r/3 (46) 

and: 


7 - V* rhg(p t - p,) *■ (47) 

where h indicates ho + r/3, l liquid, and v vapor. For interfacial tension: 

y = 'A rhg{p h - p lt ) (48) 

For tubes of larger diameter, but less than one millimeter: 

h = h o + £ - 0.1288 £ + 0.1312 £ (Poisson, Rayleigh) (49) 
3 ho n 0 

or, approximately: 

h = h 0 + 3a r ^ — i (Hagen and Desains) (50) 

This expression is not equivalent to that given by Rayleigh for tubes of con¬ 
siderably larger diameter, r/a >4.3: 

1.4142 - - In £ = 0.6648 + 0.19785 - + \ In - (Rayleigh) (51) 

a no r z a 


For tubes of intermediate diameters, neither equation is accurate and the tables of 
Bashforth and Adams should be used to obtain h'. 

The surface tension is, therefore: 


7 = V* rhg(p - p 0 ) 


(52) 


B. APPARATUS 

If sufficient liquid is available an apparatus similar to that shown in 
figure 4 gives excellent results. The general form is that used by Richards 
and Carver, 8 with the fundamentally important addition of an overflow 
trap by Young, Gross, and Harkins. 4 Certain factors which are important 
in the construction of the apparatus and in the measurement of the surface 
tension are outlined below. 

The large tube should have a diameter of about 8 cm., should be of uni¬ 
form bore, and should have a wall of uniform thickness without optical de- 

* T. W. Richards and E. K. Carver, J. Am. Chem. Soc., 43, 827 (1921). T. W. 
Richards and L. B. Coombs, t bid., 37, 1657 (1915). 

4 P. L. K. Gross, “The Theory of Atomic Collisions, the Determination of a Standard 
for Surface Tension Measurements.” Ph.D. thesis, University of Chicago, 1926. 
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fects To avoid these defects, Harkins, Brown, and Davies used a very 

h ea vily gold-plated apparatus of rectangular horizontal cross section w^h 
J front and back of optical glass. This apparatus was provided with two 
capillaries instead of one. Harkins and Jordan* usedanothermodificaton 
in which smaller quantities of liquid can be measured (Fig. 5). The large 
lower meniscus should be not too close to either end of the large tube, since 
this is distorted at the ends. To accomplish this without the use of an e 



Fig. 4.—Capillary height ap- Fig. 5.—Capillary height ap¬ 
paratus of Richards and Carver paratus of Harkins and Jordan.* 

as modified by Young, Gross, and 
Harkins. 4 

cessive amount of liquid, the lower half of the tube is largely filled by a glass 
bulb which has a flat top. In general the capillary tube is longer than is 
shown in the figure. 

A suitable diameter for the capillary tube is of the order of 0.5 mm., al¬ 
though a slightly smaller diameter might be better for organic liquids. 
The cross section should be as nearly circular as possible, and the bore and 
wall thickness should be as uniform as possible. Great care is well em¬ 
ployed in selecting capillary tubes of the most uniform bore to be found in 
a very large amount of tubing. The determination of the capillary height is 
the most accurate surface tension method, and any error in the value of the 
diameter of the capillary tube at the position of the meniscus introduces an 

5 W. D. Harkins and H. F. Jordan, J. Am. Chem. Soc., 52, 1751 (1930). 
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error of the same percentage magnitude in the value of the surface tension. 
For this reason, it is important to have a method, such as that of Young, 
which makes possible obtaining the radius of the capillary at any position. 

Almost the whole length of the capillary is filled with very pure mercury. 
The weight of the mercury is determined as that of the tube with mercury 
less that of the tube. The length of the column of mercury, while in a 
horizontal position, is measured to 0.001 mm. by the use of a traveling 
microscope which has been standardized by the use of an invar bar. That 
used in this laboratory is graduated to 0.01 mm., and was ruled in Paris 
and standardized at the National Bureau of Standards. The volume of the 
mercury, divided by its length, would give the mean cross section if it were 



Fig. 6.—Capillary height method correction for 
variation in diameter of capillary tube. 


not for the volume of two menisci. Next, a column of mercury of ap¬ 
proximately half the initial length is used. On placing this anywhere in any 
part of the tube occupied by the initial column, the mean radius of the 
initial section not now occupied by mercury is given by: 

t = [(mi — m*)/*-p(Zi — h)] l/t (53) 

In practice, the mean radius of each end of the section of the capillary to be 
used is determined in this way. If, for example, this useful section is 12 
cm. in length, the procedure gives the mean diameter of each end of about 
6 cm. length, when this is the length not occupied by mercury. 

Next, a bead of about 1.2 cm. in length is introduced and weighed. This 
is then moved from one end of the tube to the other in more or less uniform 
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r eST These deviations are plotted as chords as a function of he 
^eth of the tube. A smooth curve is drawn through positions near the 
ienti of the chords in such a way that the areas inclosed by the curve 
hv !hc lines perpendicular to the chord at its two ends, and by the chord 
’ge a re equal to each other. If the chords are displaced as in Figure>6, 
‘tseit, a \ ful i y . The percentage correction which cor- 

" IS position^on ,he by U» 

spending point on the curve. 


c. WATER AS A STANDARD 

In 1919 Harkins, Brown, and Davies carried out an extensive series of 
measurements by the capillary height method on the surface tension of 

water and obtained a value of 72.800 dyne cm.-‘at 20 C. Other values 


Table II 

Experimental and Calculated Values for the Surface Tension of Water 

(Gross, Young, and Harkins)® 


1 ® c . 

TMP- 

Tctie. 

0.20 

4.99 

10.02 

20.00 

40.20 

60.00 

75.658 

74.962 

73.255 

72.785 

69.571 

66.233 

75.652 

74.982 

74.262 

72.781 

69.588 

66.220 


At 


.006 

-.020 

-.007 

.004 

-.017 

.013 


“ P L K. Gross, “The Theory of Atomic Collisions, the Determination of a Standard 
for Surface Tension Measurements.” Ph.D. thesis. University of Chicago, 1926. 


for this quantity by accurate workers and the same method are : Richards, 
72.72; Domke, 72.72; and Volkmann, 72.80. In later work Gross, 4 under 
the direction of Young and Harkins, obtained the value 72.804, but in a 
still later (1926), more extensive, investigation obtained 72.785 dyne 
cm.- 1 , which is only 0.02% lower than the value of Harkins and Brown. 6 
The following equation was found to express the experimental values 
within the limits of error of the experimental work: 

7H,o = 75.680 - 0.138* - 0.0 3 356* 2 + 0.0*47** (54) 

The values involved are given in table II. These values should serve as a 
standard for work on surface tension. For benzene, 7 20 = 28.88.*’ 6 

6 W. D. Harkins and F. E. Brown, J. Am. Chem. Soc ., 41, 499 (1919); 38, 248 (1916). 
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D. CAPILLARY HEIGHT METHOD AT INTERFACES 

Interfacial tensions are of extreme importance in connection with colloids 
and biological systems. The principles involved in making the determina¬ 
tions by the capillary height method are no different than those in the pre¬ 
ceding section as applied to surface tension. The whole difference from the 
experimental standpoint is that the upper liquid must have its upper sur¬ 
face above the upper opening in the capillary tube. The method is more 
sensitive than at a surface, since the capillary height for a given di¬ 
ameter of capillary may be 5 to 20 times greater. This makes it essential to 
observe the following precautions: (I) The diameter of the lower meniscus 
must be even greater for interfacial than for surface tensions. (2) In inter¬ 
facial work the angle of contact is not known to be always zero. 

For the determination of interfacial tension, the apparatus of Harkins 
and Jordan 6 (Fig. 5), but with a much longer capillary and larger tubes is 
suitable. Obviously grease should not be used on the stopcock. If the oil 
has a higher density than the aqueous phase, the large tube should be 
partly filled with oil, while the top of the apparatus should be filled with 
water. The general principle to heed is that, since water wets glass 
better than an oil, the glass should always be wet first by the aqueous phase. 
The capillary height method is used so seldom for interfacial tension that a 
detailed description will not be given, but a paper by Harkins and Hum- 
phery 7 should be consulted for further information. They describe an 
apparatus which gives results of high accuracy without the use of a cathc- 
tometer. 

3. Methods Depending on Shape of Drops 

Two well-known methods for the determination of the surface tension of 
liquids have their basis in the theory of the shape of drops which hang from 
a horizontal tip, with a sharp edge and a circular cross section. These are 
the method of the hanging or pendant drop and the “drop-weight” 
method. At present, neither is an absolute method, but the theory of the 
pendant drop has been developed by Bashforth and Adams, by Lohnstein, 
and by Freud and Harkins, and only a simple numerical calculation is 
needed to change this from an empirical to an absolute method. However, 
at least at present, the drop-weight method is one of the two most accurate 
of known surface tension methods, while that of the pendant drop gives a 
low degree of precision. 

The equation of Laplace is: 

Pi — Pa = y(1/#i + 1 /^ 2 ) (55) 

7 W. D. Harkins and E. C. Humphery, J. Am. Chem. Soc., 38, 236 (1916). 
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L pr p E. and R, are the radii of curvature of the surface at any point in the 
lice and p is the pressure on the concave side at that point. The equa- 
b,. 0 W „„ given foe lb, *,1, pu^» f *e typ 

Of problem involved; those interested in the details should consult the 

original paper. 2 

3/7(1 + + v’M 1 + J/' a )’ / ' - 2( - h - y)/ai 


(56) 


or: 


du/dx + u/x = 2 (h - y)/a 2 


(57) 



x-*/a 

Fig. 7.—Profiles of hanging drops. Expansion by Taylor’s theorem of: 

S '/(1 - S l9 ) t/% + *7*U + S rt ) l/t - 2(A - 5» 

It is sufficient to say that this equation is nonintegrable, but may be solved 

by integration in series by the use of Taylor’s theorem. 

If the forces acting on a horizontal section of the drop are equated, it is 
found that: 

2ir xuV = Vgp = n x\h — y)gp 

V = Jl v tt x 2 dy = rxua 2 — Trx*(h — y) (58) 

where V is the volume of liquid below any horizontal plane which intersects 
the drop, x and y are the coordinates with the bottom of the drop as origin 
and the axis of symmetry as the y-axis, u is the sine of the angle between 
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the tangent to the profile and the horizontal, and h is the height of liquid 
which would give pressure p at the vertex of the drop. 

If, in figure 7, a horizontal (iso-y) line is drawn from any point on any 
curve to the vertical y-axis, the curve below the line gives a section of the 
(half) drop, and the length (i) of this line gives the radius of the circular 
tip from which it hangs in terms of x. The actual radius, x = r, is given by: 

r = x = ax (59) 

If the horizontal line is drawn from the intersection of any profile with 
curve I (broken line), the section below it represents the maximum drop 
which can hang from the tip. If h is increased, it will increase in volume 



(o) (6) 

Fig. 8.—Shapes of drops: (a) with neck and (6) without neck. 


and will form a neck, with the result that a certain fraction of the maximum 
drop will fall. If r/a or r/V l/ \ or r*/V, were zero, the whole drop would 
fall; so, with tips of extremely small radius, practically the whole drop 
falls. 

Equation (58) contains two constants, a and h, but these may be reduced 
to one by the substitution of ax, ay, ah, and a*V for x, y, h, and V, respec¬ 
tively, which makes one set of curves express the shapes for all hanging 
drops, whether in vapor or in a second liquid. Figure 7 shows that there 
are two types of profiles: one in which y continuously increases with x, 
and one in which there are one or more constrictions or necks. It should be 
noted that the shape of the drop is determined by the pressure at the vertex 
of the drop when the pressure is given by h = h/a, the height of the liquid 
which would give this pressure divided by the square root, a, of the capil¬ 
lary constant. Here, a = (2y/gp) l/i . Figure 8 exhibits two shapes as a 
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Fig. 9.—Drop-weight corrections. Fraction of ideal drop 
which falls vs. ratio of tip radius tx> cube root of volume 
of drop. 

upheld in a capillary tube of the same diameter. This is because, in both 
cases, the force of surface tension acts on a line 27rr long, so the force is 
2 ttt 7, or: 

W = mg = 2irry (60) 

Both observation and theory indicate that, on tips of ordinary size, only a 
fraction of the drop falls, so the weight of the drop which falls must be less 
than that given by equation (60). (Note: For values of r/a > 0, even the 
weight of the hanging drop is less than 2vry, since the surface of the liquid 
is not vertical where it meets the edge of the tip.) However, as the tip is 
made smaller, the fraction which falls becomes larger and larger, and extra¬ 
polation of the curve to zero diameter indicates that here all of the drop 
falls, or the hanging and the falling drop have the same weight. Both the 
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theory of the preceding section and the extrapolation of experimental 
values show that equation (60) gives the correct weight of the drop when 
r/a or r/V l/t is zero. 

A drop of the weight (2ir ry), given by equation (60), has been designated 
by Harkins and Brown 6 as the ideal drop. The fraction of the ideal drop 
which falls was determined by them in an extensive series of experiments in 
which four pure liquids were dropped from 15 glass and 20 brass or Monel 


Table III 

Experimental Values for Drop-Weight Corrections® 


V/r* 

P 


y/r » 

P 

—/• 


0.159 

• • 

2.3414 

0.26350 

0.1 

5000 

0 172 

• • 


0.26452 

0.05 

250 

0.198 

• • 

1.8839 

0.26522 

0.05 

58.1 

0.215 

• • 

1.7062 

0.26562 

0.05 

24.6 

0.2256 


1.5545 

0.26566 

0.05 

17.7 

0.2305 

0^3 

1.4235 

0.26544 

0.05 

13.28 

0.23522 

0.25 

1.3096 

0.26495 

0.1 

10.29 

0.23976 

0.2 

1.2109 

0 26407 

0.1 

8.190 

• 0.24398 

0.15 

1.124 

0.2632 


6.662 

0.24786 

0.15 

1.048 

0.2617 


5.522 

0.25135 

0.15 


0.2602 


4.653 

0.25419 

0.15 

0.912 

0.2585 


3.975 

0.25661 

0.15 


0.2570 


3.433 

0.25874 

0.15 

0.816 

0.2550 


2.995 

0.26065 

0.15 

0.771 

0.2534 


2.637 

0.26224 


0.729 

0.2617 


0.692 



0.541 

0.2430 


0.658 



0.512 

0.2441 


0.626 



0.483 

0.2460 


0.597 

0.2445 


0.455 

0.2491 


0.570 

sms*®? 


0.428 

0.2526 






0.2559 

■EH 


• W. D. Harkins and F. E. Brown (given in International Critical Tables, Vol. IV, 
McGraw-Hill, New York, 1928). 


metal tips. The fraction of the ideal drop which falls is given by the ordi¬ 
nates of the curves in figure 9. While any value of r/V' /l may be used in a 
determination of surface tension, those between about 0.7 and 0.9 give the 
best results. Now the form of the maximum, stable hanging drop is a func¬ 
tion either of r/a or of r/V v \ and the form of the maximum hanging drop 
determines the fraction, f(r/V l,t ) or/i(r/a), which falls. Thus the weight, 
W, of the drop which falls is: 

W = 2wryf(r/V t f*) = 2xryfi(r/a) (61) 

so, since W = mg: 

y = mg/2irr-f(r/V l/l ) = mg/2nr-fi(r/a) = mgip/2irr = mg/r-F (62) 













IX. 


SURFACE AND INTERFACIAL TENSION 


If the vapor is dilute, it is simplest to let m represent the weight in grams 
of one drop as weighed in air. Now, since the drop, as it hangs is also in air 
no additional correction for buoyancy need be made. To determine t 
surface tension of a liquid, it is only necessary to determine the mass of one 
drop, calculate its volume, V , by dividing n 

by a roughly determined density, also in fl jl 

air, calculate V, multiply by 1/r’, look up 

the value of F in the table and multiply T ^ || P 

this by mg/r. The density of the liquid is | / 

involved only in determining the value I 

of the correction, which is not very sensi- Lj \ (T O J 

tive to density differences. ]_I \_ 

Apparatus and Technique.—The CT Ly 

forms of the drop-weight apparatus r I ' 

described first are those designed to give n | 

a precision of 0.02 to 0.03% with pure ^- 

liquids which are not too volatile. The y a 

apparatus may be greatly simplified, ^ 

and very greatly reduced in cost, if a c^^ll |- 

precision of 0.3%, which is better than -jQi IL A 

the average of published values by all T,. 

methods, is considered satisfactory. F “ jTL iL 

Such an apparatus consists merely of an 

inverted U of capillary tubing, three 1 

weighing bottles, and two glass tubes. 

The cross section of an accurate drop- ' ' inp 

weight apparatus is shown in figure 10. , — ^—B 

For work of high precision, the apparatus y | Jill 

is supported by a heavy iron rod one inch 1 -j ju|i| 

in diameter held upright by a heavy $ ^ ijlfl I ™ p “—" V 

iron tripod which rests upon a concrete JJrzl 

pier. During a determination, the box ™ 

is suspended in the water of a thermostat Lt,yw . v . ^ . w ..».. 

from its outside support. The most im- Fig. 10.—Drop-weight apparatus, 
portant part of the apparatus is the tip, 

shown in figures 10 and 11. This is made from a straight, heavy-walled, 
capillary tube of Pyrex glass. The end of the tube is ground off until it is 
a plane perpendicular to the length of the tube by the use of Carborundum. 
A piece 6f the same tube, only a few millimeters in length, is then sealed 
on the end by a mixture of beeswax and rosin or another suitable cement. 
The tube is then clamped in a precision lathe, and rotated in one direction, 
while the tube is cut round to the proper diameter near the end by a wheel 
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of fine Carborundum which rotates at high speed in the opposite direction. 
It is then polished by rouge, on sealing wax or pitch, while still rotating in 
the lathe. The end is not polished. A tip ground in this way should have 
an edge which appears perfectly sharp under a magnification of 40 diam¬ 
eters. The diameter of the tip is measured by a microscope moved by a 
micrometer screw (comparator). 

The tip should be illuminated properly if measurements of high accuracy 
are to be attained. The tip may be inverted, black paper used as a collar 
around the tube just below the tip, and the light adjusted until a sharp edge 
is clearly visible in the microscope. 

The method is very accurate if the following conditions are met: (!) the 
drop is made to detach itself as slowly as possible; (2) if a solution is in¬ 
volved, the drop must hang at as nearly full extension as possible until the 

process of adsorption is completed, t. e., 
equilibrium is attained; and (5) with very 
volatile liquids, additional precautions 
should be taken as described later. It is 
important that the drop not be pulled over 
by suction, since this may disturb the 
equilibrium with the vapor. It is also im¬ 
portant that the drop hang in the saturated 
vapor at almost full size until equilibrium 
is attained. For this purpose, a method of 
control of the drop devised by Harkins 
and Harkins 8 is employed. The supply 
bottle, S, in figures 10 and 11, which con¬ 
tains the phase under investigation, is made 
adjustable in height. To secure good adjustment, a stand with a ratchet and 
pinion from an old microscope stand is used. The supply bottle is held by a 
metal support, K , which is fastened to a metal rod, R , by means of con¬ 
nection piece C. Rod R is fastened to movable bar T. By turning P, a 
pinion wheel, T t is raised or lowered and the height of S thus regulated. F 
is a tube used to regulate the height of the liquid in the supply bottle, S, 
which is raised to start the formation of the drop, and is then lowered. 
Next, it is adjusted to such a height as to give the largest possible stable 
drop. The bottom of the largest stable drop is located by the position of 
the cross hair of a short^focus telescope which has been carefully adjusted 
by an earlier trial. The period during which the drops are suspended at full 
extension may usually be varied from three to six minutes per drtop with¬ 
out any perceptible variation in the weight of the drop which falls. For 
some very dilute solutions, this suspension time must be greatly lengthened. 

* H. N. Harkins and W. D. Harkins, J. Clin. Investigation, 7, 263 (1929). 



Fig. 11.—Drop-weight apparatus 
for volatile liquids. 
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” r0 , b £ of thethermostat, it was found necessary to cool V, winch con- 

j==S: s= 

tube which is shown in figure 11. Instead of having a vent hole through 
he brass tube and stopper (to which V is attached) a bras tube S w as 
soldered to the stopper, connecting with a small vent hole. The other end 
of the brass tube passed through another stopper provided with a vent hole 
This second stopper supported a small weighing bottle containing jus 
enough carbon disulfide so that its surface stood slightly above thei outlet 
of the brass tube. In this way, the loss by vaporization from the bottle in 
which the drops are being collected is almost entirely eliminated, and more 
constant drop-weight results can be obtained than otherwise^ (Any re 
maining correction due to vaporization loss is taken care of by determining 
the difference in weight between 30 drops and 5 drops of the liquid obtained 
under exactly similar conditions, according to the procedure of Morgan.) 
The box B, and the stand which carries the ratchet and pinion are clamped 
to separate iron stands in order that the drops may not be shaken by the 
adjustment of the height of bottle S. 

After the dropping tip has been cleaned, V is fitted on to the glass or brass 
stopper and W is fitted on to V. The supply bottle which rests on K is put 
into place. Support K is temporarily prevented from slipping through the 
tube attached to the roof of the box by collar C. By fastening C at the 
proper distance along IC, the level of the liquid in S may be adjusted to 
stand a few millimeters above the level of the tip surface from which the 
drops fall. By the application of suction at the end of the vent tube, enough 
liquid is forced into the capillary tube to fill it completely up to the tip sur¬ 
face where the drops are formed. Due to capillary forces, the liquid will 
remain in the capillary tube as long as desired. If the level of the liquid in 
S is not properly adjusted as described above, the liquid in the capillary 
will siphon back into S, or else drops will siphon over from S into W 9 
neither of which is desired until the apparatus has been in the thermostat 
long enough to attain the proper temperature. The vent-tube weighing 
bottle is next adjusted on its stopper. After attaching the lower part ol 
the box B by means of the wing nuts shown in the diagram, the apparatus 
is immersed in the thermostat. The apparatus is then leveled, the micro¬ 
scope stand is lowered into place, and rod R is connected to K by means of 
C. In moving C to the end of K , care should be taken not to permit the 
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liquid in the capillary tube to siphon out. After the apparatus has been 
in the thermostat the proper length of time, the drop formation is started 
by turning pinion wheel P, thus raising S. 

In almost all work the simple weighing bottle, W (Fig. 10), is attached 
directly to the stopper which supports the tip. The auxiliary upper sec¬ 
tion, V (Fig. 11), is used in the determination of the surface tension of solu¬ 
tions such that the concentration may change by evaporation. Before the 
determination is begun, the annular depression in V, which is actually 
larger and deeper than is shown, is filled with the solution so that the 
weighing bottle may be filled by the vapor of the solution before the first 
drop is formed. 

B. A DROP-WEIGHT-VOLUME METHOD AT INTERFACES 

The drop-weight method is directly applicable to the determination of 
the interfacial tension of oils or mercury against an aqueous phase, but for 
general use the drop-weight-volume method as used in this laboratory is 
usually preferable. The apparatus is shown in figure 12. 7 It is supported in 
the thermostat by a metal or hard rubber back. After equilibrium has 
been established, the aqueous phase is put into pipette ABD. The tip 
is then placed under the surface of the other phase, which is in a vessel 
(not shown) supported in F. The edge of the aqueous phase is drawn ex¬ 
actly to the end of the capillary at the tip, and the reading of the meniscus 
of this phase above the bulb of the pipette is taken. Suction is applied 
carefully at G } and drops are pulled off until the meniscus falls to the scale 
below the bulb. From the volume thus obtained, the surface tension may 
be calculated by eq. (26) of the preceding section, which takes the form: 

y = 7(pi - f>2)g/2irr -J(r/V l/ *) 

= F(pi - pi)g<p/2rr = [V(pi - t*)g/r]-F (63) 

The corrections involved are the same as those of the drop-weight method 
as given in table III. 

It may be noted that the phase which best wets the tip should be the one 
to be dropped either downward or upward into the other phase—if up¬ 
ward, the capillary must be bent so that the face of the tip is upward in¬ 
stead of downward. Thus, an aqueous phase is dropped downward into an 
organic phase of lesser density, or upward into one of higher density. If 
sufficient care is taken, this apparatus gives accurate results since the de¬ 
tachment of the drop is a slower process in dropping into a liquid than into 
a vapor. The pressure-height can be adjusted much better by the use of 
either of the devices shown in figures 13 and 14. In the former, the 
height may be adjusted with great sensitivity because of the presence of a 
glass spring, C. 
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The coiled gU- t»be, C. ™ made 

iii- - • " mor - 

without any appreciable change of in¬ 
ternal volume. The upper end of the 
coil is sealed to pipette B, while the lower 
end is sealed to a capillary tube ending 
with a dropping tip, T (diameter, 0.9888 
cm.). The best diameter depends upon 

the value of R/V l, \ 

The mechanism for raising or lower¬ 
ing the pipette consists of a wheel and 
shaft, W, and a rack, R, and pinion, P 
(encased). By raising the pipette the 
speed of drop formation is increased, and 
by lowering it, the speed is decreased. 

Scale Q acts as a guide for adjusting the 
level of the liquid in the pipette. Thus, 
for any desired speed of drop formation 
the liquid level should stand at a certain 
height as indicated by the scale. These 
simple manipulations give complete con¬ 
trol of the drops and eliminate the 
necessity of using the more difficult 
method of control by suction. Other 
parts are: M, metal plate; 5, glass 
stopper; V, vent tube; and Z, screw. 

The apparatus represented by figure 
14, as devised by Adinoff and Harkins 9 
of this laboratory, accomplishes the same result in another way. The 
pipette, E , and the graduated tubes, E' and E\ are connected by glass tub¬ 
ing to capillary M, which leads to dropping tip //, as in the apparatus of 
Harkins and Humphery. Parallel to this, a wider tube, F, is attached. 
At the top of tube F is attached a very fine capillary tip, G. 

At the beginning of the experiment, water is drawn from F into G by 
suction. Because of capillary action it remains there after the suction is re¬ 
moved, even though the level of the water in E' is somewhat below it. 
The small oil-water interface at the dropping tip is then adjusted to the 

9 B. Adinoff, “Thermodynamics of Hydrocarbon Surfaces.” Ph.D. thesis, Univ. of 
Chicago, 1943. 



Fig. 12.—-Drop-weight volume 
apparatus for interfacial tension 
(Harkins and Humphery). 
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reference position (described below) and the level of the water in E' read. 
Then, by slight air pressure at B, the water is forced out of capillary (i 
into F. During the formation and detachment of the required number of 
drops, B is kept open to the atmosphere and the level of the water in F is 
kept constant by applying either suction or pressure at A. When the 



Fig. 13.—Apparatus for interfacial tension 
(Harkins). 

proper number of drops has fallen, the water is again drawn up to the initial 
level in G, the interface is adjusted to the reference position, and the level 
in E" read. Since the position of the interface and the amount of water in 
F are the same at the beginning and end of the experiment, the volume of 
the drops is the difference between the two readings. 

The receiving vessel, /, is constructed in such a way as to remove these 
difficulties. As each drop of water falls, the water phase, W, overflows 
through side arm L into the larger vessel, K , from which it is removed 
through N from time to time by air pressure through C or suction through 
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N Thus, the level of the liquid in / remain* constant. The edge>8 
Sass joint J is coated with high-melting paraffin to prevent the en 
any water from the thermostat, since it is cons.dered inadvsableto ha 
any grease present in the system. The paraffin used does not soften a P 

^In regard toTthe reference position of the interface, it was found that the 
most reproducible position of the interface was obtained by the reflect.on 



Fig. 14.—Apparatus of Adinoff and Harkins 
for interfacial tension. 


of a light placed in front of and below the dropping tip. It is also advisable 
to place the telescope slightly below the tip, so that the surface of the tip 
is visible. Under these conditions, the reflection pattern varies consider¬ 
ably with very small changes in volume when the interface is forced into 
the capillary of the dropping tip. As long as the light, the telescope, and 
the tip are kept in the same position, the position of the interface can be 
reproduced so that the level of the water in E changes by an amount which 
represents less than 0.001 ml. It was also found that forcing the water out 
of capillary G and pulling it back in again did not change the reading to any 
observable extent. Thus, the difference in the volume of water in the 
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apparatus could be determined to 0.001 ml., which was as close as the 
graduations could be read. 

As in the determination of surface tension, the drops are extended to 
nearly full size by suction, and then allowed to detach themselves under 
the influence of gravity only. The point of extension is chosen so that the 
remainder of the drop forms in about 20 seconds. 

It is often necessary, in industrial work, to determine the surface or inter¬ 
facial tension quickly , and sometimes only small quantities of material are 
available. To meet these requirements, it is only necessary to use what 
seems to be entirely obvious modifications of the drop method. Thus, the 
surface tension may be determined from the weight of a single drop, and 
often with an accuracy of a few tenths of a per cent. After the proper tem¬ 
perature has been attained, an essential procedure with any method, a 
single drop may be taken from the tip in less than two minutes; so the 
time is short, and the determination may be made by the use of only a 
few drops or one drop of a rare material. Similar modifications may be 
made in the drop-weight-volume method. In this case, a micropipette is 
employed. The surprising lack of understanding of the drop method is 
illustrated by an altogether incorrect criticism by a well-known worker, 
who stated that the method is not applicable to approximate or commercial 
work because it would be impossible to spend five minutes per drop and still 
obtain the several hundred drops essential to the method. Evidently he 
had in mind the altogether erroneous method of the drop number, that is, 
counting the usually large number of drops in a certain volume. Com¬ 
monly, the results are given in terms of the drop number, with the state¬ 
ment that this gives the correct relative values—a statement which is very 
far from the truth. A careful determination made with one drop gives a 
result of a very much higher order of accuracy. 

4. Ring Method 

It is probable that the ring method is at present more widely applied 
than any other for the determination of surface tension. The method is 
extremely rapid, very simple, and when properly applied may give an ac¬ 
curacy as high as ^ 0.25%. One very experienced worker in this laboratory 
considers that, with pure liquids and great care, he can attain a precision of 
=*= 0 . 1 %. 

As now used, the method depends upon a determination of the maximum 
pull necessary to detach a circular ring of circular wire from the surface of a 
liquid, with an angle of contact of 0°, as determined by a good balance. 
The use of a ring for this purpose seems to have been suggested by Timberg 
(1887). Until 1926, the theory of this method was developed so imper¬ 
fectly that not even a single value obtained by its use was included in 
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mtermtional Critical Tables (Vol. IV, 1928). This method is based1 upon 
the fundamental work of Harkins, Young, and Cheng, 1 who showed that 
the incorrectness of the theory up to that time was due to the neglect of the 
principle of similitude (pages 362-363). 


A. APPARATUS 

For accurate work a chainomatic balance may be used, while a du Nouy 
torsion balance may be employed for work of low acourarv. With either it 



Fig. 15.—Apparatus for determination of surface 
tension by the ring method. 11 


is better to raise the balance, and thus pull the ring away from the surface 
of the liquid, than to lower the liquid, which may give rise to waves or 
ripples in its surface. If this is inconvenient, the vessel which contains the 
liquid whose surface tension is to be determined may be floated on any 
suitable liquid (e. g., mercury). The surface of this latter liquid is lowered 
gradually by flow through a tube in order to detach the ring. 

In the use of the du Notiy tensiometer, the platform supporting the vessel 
which contains the liquid should be discarded, and the instrument should 
be supported by means of a small jack. A fine pointed end should be 
fastened on the end of the rod which supports the ring, and another very 
fine point set opposite this, by a support from the frame, at the null point of 
the balance. The apparatus as sold is very crude with respect to the ob- 

10 W. D. Harkins, T. F. Young, and Lan Hua Cheng, Science, 64, 333 (1926). 

11 W. D. Harkins and H. F. Jordan, J. Am. Chem. Soc., 52, 1756 (1930). 
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servation of the zero point. If a chainomatic balance is used, the appara¬ 
tus of Harkins and Jordan" may be employed, constructed as described 
below (Fig. 15). 

The balance, B, sensitive to 0.05 milligram, was adapted for the work by 
removing the left pan and boring directly under it in the base of the balance 
a small hole through which an aluminum rod connected the ring, R, with 
the beam of the balance. The right-hand pan was replaced by a very light 
aluminum pan in order that the momentum of the beam and pan might be 
reduced to a minimum. The pan rest was disconnected, as it was found to 
be troublesome in making measurements. 

In order to prevent ripples in the surface of the liquid, which might have 

been formed by lowering the level of the liquid or 
the containing vessel, a special “jack” (Fig. 15) 
was devised to lower and raise the balance with 
great ease and smoothness. While this is not 
essential to measurements by the ring method, it 
almost entirely removes any error due to vibra¬ 
tion. It consists essentially of four heavy, up¬ 
right, steel rods, which are screwed into a heavy, 
cast-iron base provided with leveling screws. 
Fitted onto these rods are two heavy bronze cast¬ 
ings. The lower one is fastened to the rods, and 
supports the set of gears, G, which raise and lower 
the upper movable casting. To the upper casting 
are attached the balance platform and its counter¬ 
weight. Frictional effects are reduced to a mini- 

Fig. 16.—Flask for the m um by a delicate counter-balancing of weights 
liquid used in determin- throughout. For example, the balance is counter- 
'the balanced by movable weight W'. These and the 

casting which supports them are, in turn, counter¬ 
balanced by weight W. This is connected to the upper casting by a steel 
piano wire which runs over a stationary pulley. The smoothness of opera¬ 
tion is also increased by reducing the bearing surface of the movable cast¬ 
ing to a minimum. The balance platform is provided with two large, 
oval-shaped openings through which passes the rod connecting the ring 
with the balance beam. The balance is lifted by turning handle H. The 
glass trough, T , is used to hold the solution. 

The flask used in the measurements is shown in figure 16. The principle 
of the design is to provide a means of overflowing the surface in order to 
prevent surface contamination. The flask was constructed by sealing a 
cup, C, 7.5 centimeters in diameter and one centimeter or less high near 
the bottom of a two-liter flask, and by replacing the neck with a longer and 
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wider one. The liquid is introduced into side arm A and the excess with- 

dl The rings wore made of platinum-iridium wire containing 10% iridium, 
to give the wire stiffness, and were constructed by bending the wire around 
, brass ro d turned down to the exact inner diameter desired, and welding 
the ends of the wire together with a spot welder. This had to be done with 
extreme care or the wire flattens at the spot of the weld. The stirrups were 
then welded on to the top or side of the ring, and all protuberances and un¬ 
evenness removed with a fine file and emery paper. In four of the rings, 
made with fine wire, silver solder was used instead of welding. The loop at 
the top of the stirrup was made in the form of an ellipse with the least 
possible radius of curvature at the uppermost part so that the ring would 
always hang in the same position. All the rings with radii greater than 0.8 
centimeter were made with two stirrups 
whose planes were at right angles to each 
other. Suitable rings of four-centimeter 
circumference may be purchased from the 
Central Scientific Company . 

Since the correction factor, y/p or F (see 
page 388), is a function of the variable, Ii/r, 
it is necessary to have very accurate 
measurements of the radii of the wires of 
which the rings are made, as well as of the F j g {7 _ A p p a r a t u s for 

radii of the rings. measurement of the diameter of 

The diameters of the rings may be meas- the rings, 
ured by a screw micrometer carrying a 

microscope with a magnification of ten diameters. In order to make 
precise measurements, it is necessary to illuminate the ring from below, 
and the method used is as follows: A reading glass about two and one-half 
inches in diameter is mounted in a hole in the top of a box, and within the 
box at the principal focus of the lens is placed a 100-watt lamp painted 
black with the exception of a spot about one centimeter in diameter. This 
provides, for practical purposes, a point source, with parallel light coming 
through the lens. Above the lens and about two inches away from it is 
placed the leveling table containing the ring. This is constructed as is 
shown in figure 17. It may be leveled with leveling screw's, or, with the 
leveling screws removed, may be attached to a microscope by removing the 
microscope platform. In the top of a circular hole in the table is mounted a 
transparent celluloid disk, D, roughened with emery paper. The disk has 
two slits cut in it at right angles to each other, S t through which the stir¬ 
rups are passed, and on it are scratched a series of concentric circles, C, to 
aid in centering the ring. The holes, L, are used to fasten the disk in posi- 
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tion. Measurements on the rings are made across twelve evenly spaced 
diameters from the outer edge of the ring on one side to the inner edge on the 
other. Readings are taken at the point at which the cross hair, which is 
previously made perpendicular to the direction of travel, becomes tangent 
to the edge of the ring. 

The measurements of the radii of the wires were made with a microscope 
with a magnification of ten diameters and provided with a micrometer 
eyepiece. This was calibrated by comparison with an invar scale made in 
Paris and standardized by the National Bureau of Standards. One divi¬ 
sion on the micrometer screw head corresponds to 0.0001 centimeter at 
this magnification. In these measurements, the leveling table was attached 
to the microscope in place of the microscope platform by means of a special 
adapter, and the illumination from below was used as in the previous 
measurements. In place of the celluloid disk, a piece of bond paper was 
stretched over the top of the cylinder. In order to make the ring appear 
very black and the edges sharp, a narrow strip of thin cardboard with a slit 
very slightly wider than the diameter of the wire was slipped under the 
wire to cut down the extra light. This method gives excellent illumination; 
and precise measurements of the wire can be made in this manner. Meas¬ 
urements at twelve different, evenly spaced points on the ring were made 
and the average of these was used. 

B. TECHNIQUE 

The experimental technique employed by Harkins and Jordan 11 is 
described since it gives excellent results, though it is obvious that, in many 
cases, some of the details may be modified. The flask (Fig. 16) used to 
hold the liquid should be cleaned by methods described earlier in connec¬ 
tion with other methods. In order to level the ring, it is suspended over 
the plane surface of a small, gold-plated brass table, fitted with leveling 
screws, and polished to a mirror finish on top. This is made level by a 
small, right-angle level, and the ring is lowered to within one-half milli¬ 
meter of the top of the table. By sighting between the top of the table and 
the ring in two mutually perpendicular directions, and by looking at the 
ring and its mirror image at the same time, considerably less than 30' of 
tilt can be determined. The stirrup of the ring is bent until the plane of the 
ring appears to be perfectly horizontal. The ring is then cleaned by heating 
to red heat in a flame. In the case of three or four of the rings in which the 
stirrups were silver-soldered to the ring, the ring was cleaned by dipping it 
into warm cleaning solution, rinsing it thoroughly in conductivity water, 
and drying it at some distance above a gas flame. 

The flask is then put in position under the balance (Fig. 15) so that the 
plane of the inner cup is as nearly horizontal as possible. The ring is con- 
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nected to the left-hand stirrup of the balance beam by a jointed aluminum 
rod composed of links about two inches in length. On its end is a hook th 
inner circumference of which is beveled to a knife edge to allow free motion 
of the stirrup loop over it. An inverted Erlenmeyer flask with a hole about 
one centimeter in diameter blown in the bottom is placed over the top of the 

measuring flask to prevent evaporation. 

The weight of the ring suspended in air is determined and taken ae the 
7pro weight. The cup in the flask is overflowed with plenty of liquid to in¬ 
sure a clean surface, and enough liquid is withdrawn through side arm A 
/pi e 16 ) to cause the liquid in the cup to become level instead of concave 
upward. With large rings, the initial surface is made slightly convex up- 
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Fig. 18.—Variation of the pull on a ring with its 
height above the surface of a liquid. 11 


ward, to such an extent that the outer part of the surface becomes plane 
when the ring is lifted to the height of detachment. The balance is lowered 
until the ring meets the liquid, and then is slowly raised while weights are 
added to determine the approximate maximum pull. In this procedure, 
the addition of weights to the pan is made with the beam rest supporting 
the beam as in ordinary weighing, and during the addition of weight by the 
chain the rest is lowered only enough to allow the pointer to swing three 
divisions in either direction. The final addition of weight by the chain and 
the raising of the balance are so regulated as to keep the pointer always at 
the scale zero. In check determinations, the beam of the balance is raised 
and lowered again when the pull is about 10 milligrams less than the maxi¬ 
mum to insure its proper position, and the additional weight is added very 
slowly. When the maximum weight is reached, the balance pointer sud¬ 
denly swings to the left and the liquid may or may not become detached 
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« W. D. Harkins and H. F. Jordan, J. Am. Chem. Soc., 52, 1751 (1930). 
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from the ring; but any attempt to raise the balance—to bring the P oint ^ 
bZ to zero-causes detachment of the liquid. The maxunum weight » 
hat required to make the pointer suddenly move to the left and which 
cannot be compensated for by raising the balance without detachment of 

the liquid from the ring. . t t .. . 

Dorsev 12 has suggested that many workers, particularly those using the 
du Noiiy tensiometer, might be measuring the pull of a film of liquid upon 
the ring rather than the maximum pull of the surface of the liquid. It was 
therefore considered important to study the variation of the pull on the 
ring with the distance it is raised above the free surface of the liquid. The 
values which are shown graphically in figure 18, are given in table IV. 

As the ring is pulled out of the liquid, the pull on it increases to a maxi¬ 
mum and then decreases. It is at once evident that there is no danger of 
measuring any other than the maximum pull with the balance, with the 
technique used, since great difficulty was experienced in measuring points 
beyond the maximum. After the maximum pull has been reached, the 
balance pointer swings to the left and can be made to return only by de¬ 
creasing the weight by 15 or 20 milligrams, when it swings quickly to the 
right and remains there. During this time, its motion is restricted by the 
beam rest to one division in either direction from the scale zero. In order 
to make any measurements of even low precision beyond the maximum, it is 
necessary to attach a stop which would allow the pointer to swing from zero 
to a point one-half scale division away in one direction at a time. The 
weight that would just suffice to make the pointer leave zero in one direc¬ 
tion, and then the weight to make it leave in the other direction, are both 
determined. In this way, the limits of the pull on the ring are determined 
for those heights which are above the height of maximum pull. 

It was noticed, particularly in the case of the smaller rings, that the 
liquid column had a tendency to adhere to the ring and be pulled out into a 
film after the pointer had swung to the left, signifying that the maximum 
pull had been reached. If, however, the beam rest was further released from 
under the balance beam, the liquid broke. Until the maximum pull was 
reached the edge of the liquid meniscus appeared to be attached to the 
ring. 


C. CALCULATION 

In early work in which this method was used, the false assumption was 
made that the pull of the surface tension is vertically downward upon the 
inner side of the wire of diameter r where the ring has a diameter R\ and 
also upon the outer side of the wire where the ring has a diameter R' + r. 

12 N. E. Dorsey, Science , 69, 187 (1929). 
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Thus, the total pull, P, which is equal to the weight of liquid, Mg, sus¬ 
pended, should be, if this assumption were correct: 

P = Mg = 2icyR f + 2*y(R' + r) = 4* 7 (R’ + r/2) = 47r 7 /e (wro „ K) (64) 

where It is the mean radius of the ring. This is equivalent to the assump¬ 
tion that the ring holds up a hollow cylinder of liquid, with vertical walls 
of radii R ' and R' + r, and with a weight equal to that upheld inside a 
capillary tube of a radius equal to twice that of the ring. This idea did not 
take into account the fact that the surface of the liquid is not vertical where 
it is in contact with the wire. 

The pull, P, under static conditions, is determined by the shape, S, of 
both the surface outside and that inside the ring. These shapes are de¬ 
pendent upon the angle of contact between the liquid and the surface of the 
ring. However, in no case has the angle of contact between the surface 
of a liquid and the properly cleaned wire been found to be other than zero 
when the maximum pull upon the ring is attained. 

Harkins, Young, and Cheng 10 considered that the size of the surfaces 
outside and inside the ring is determined mostly by the size of the ring, R, 
and that its shape is determined by the surface tension and density of the 
liquid, the radius of the ring, R, and of the wire, r, and certain other vari¬ 
ables. In order to determine the form of the functional relation, they used 
the principle of similitude (page 362), which, in this case, indicates that 
the shape of each surface supported by the pull of the ring depends entirely, 
when at rest, upon a few simple dimensionless variables. These are: (/) 
the ratio, R*/V , of the cube of the radius of the ring to the volume of the 
liquid; (2) the ratio, R/r, of the radius of the circular ring to the radius of 
the circular wire of which it is made; and (3) the ratio, h l /V , of the cube 
of the pressure height to the volume of liquid which the ring supports. 
Thus, the shape, S, is given by equation (65) or (66): 

S = f(R*/V, R/r, h*/V) (65) 

S = AR/a, R/r, h/a) (66) 

The surface tension is a function of the shape, and, therefore, of these same 
variables, and its value is given by: 

y = Mg/4wR-M&/V, R/r, h*/V) (67) 

Since the volume upheld by the ring becomes a maximum at a certain 
definite shape for which the value of h*/V is determined by the values of 
R*/V and R/r, this term may be omitted (Eq. 68 or 69): 

y = (Mg/lvR)-f(R 3 /V, R/r) 
y = (Mg/licit)-y/p = Mg/lrR-F 


( 68 ) 

(69) 
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The values of F may be determined experimentally by determining the 
true surface tensions of various liquids by the cap.llary height or dr °P' 
weight methods, and comparing with the values of p as shown in the above 
equation, as was done by Harkins and Jordan," or they may be calculated 
from the shapes of the curves obtained theoretically by Freud and Freud 

in another paper from this laboratory. . a 

The values of the correction factor, F, which is y/p, are given in figure 
,9 as a function of R>/V and of R/r. Here V is the volume of liquid raised 
above the level of the plane surface of the liquid by the maximum pull of 



Fig. 19.—Correction factors ( F ) for the ling 
method for surface tension. 11 


the ring. It is equal to the mass, M, of the liquid, as determined by the 
balance (the M of Eq. 67, 68, or 69) divided by its density, p. or: 

V = M/p (70) 

The values of F are listed in table IV, which may be used by linear inter¬ 
polation. If many determinations are to be made by a single ring, it is 
advisable to plot a correction curve for the ring. This is more linear if log 
F is plotted as a function of log (R l /V). Also g/AirR may be incorporated 
in the correction: 


<p = g/AnR-F 

(71) 

9. 

-- 

II 

(72) 


13 B. B. Freud and H. Z. Freud, J. Am. Chem. Soc ., 52, 1772 (1930). 
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The difficulties involved in making precise measurements by the ring 
method may be overcome very simply. Any rigorous theory of the ring 
method would require: (/) that the wire of the ring lie in one plane; ( 2 ) 
that the plane of the ring be horizontal; (3) that the vessel containing the 
liquid under investigation give an area large enough that any curvature of 
the free surface of the liquid be not great enough to affect the shape of 
the liquid surface raised by the ring; (4) that the surface of the liquid be 
free from wave motion; (5) that there be no motion of the ring except an 
extremely slow upward motion; (3) that, since there should be no evapora¬ 
tion and consequent cooling of the surface, the liquid be in a vessel im¬ 
mersed deeply in a thermostat; and (7) that the ring be circular and of 
circular wire. These are requirements that are inherent in the proper 
technique of the ring method, and must be approximated as nearly as 
possible. 


Table V 

Error Due to Tippino op Ring* 
(Ring 12, R - 1.8277, r - 0.20986) 


Angle, a 

a* 

p 

Ap 

Error, % 

0.00 

0.00 

84.05 

0.00 

0.00 

1.10 

1.21 

83.61 

0.44 

0.52 

1.62 

2.62 

83.20 

0.85 

1.01 

2.10 

4.42 

82.73 

1.32 

1.57 


a W. D. Harkins and H. F. Jordan, /. Am. Chem. Soc., 52, 1751 (1930). 


The most important source of error arises from the ring not being 
horizontal. This was investigated in a quantitative way by measuring the 
pull on a ring when tipped by various amounts. The stirrup was bent so 
the plane of the ring was not horizontal, and the difference in height be¬ 
tween the two sides was measured with a cathetometer. From this, the 
angle made between the plane of the ring and the horizontal was calculated. 
The data, which are given in table V, are illustrated in figure 20. 

It is seen from the graph of the data that, for small angles such as are 
likely to be encountered in practice, the error introduced is proportional to 
the square of the angle. Ap is, therefore, expressed by the equation: 

- Ap = ka 2 (73) 

In the present case, the equation holds for angles not greater than 1.5°, and 
k has the value 0.36. From the graph it may be seen that, for the error due 
to this source to be less than 0.1%, the angle of tip must be less than 0.47°, 
and for an angle of 1 °, the error introduced is 0.43%. 
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The effect of the curvature of the meniscus and the size of the vessel was 
studied by making measurements of water contained in crystallizing s 
of various sizes. The crystallizing dish was placed on a glass desiccator 
triangle in a two-liter beaker, and overflowed from the top, thus insuring 



Fig. 20.—Error in the ring method caused by 
tipping the ring, a 1 is the square of the angle of 
deviation from the horizontal. 11 


uniformly clean surfaces. To prevent evaporation, the top of the beaker 
was covered with a plate of glass in which a hole was bored. Measurements 
could not be made when the diameter of the dish was less than seven centi¬ 
meters, as the curvature of the meniscus was so great as to cause the ring 
to cling to the side of the dish. The data are given in table VI. A diameter 

Table VI 

Effect of Curvature of Meniscus on Maximum Pull on the Ring* 1 

(Ring 12) _ 


Tlinmplpr of dish, cm,.. 

. 7 

8 

9 

10 

12 

. . 

. 83.96 

84.03 

84.08 

84.05 

84.06 


a W. D. Harkins and H. F. Jordan, J. Am. Chem. Soc., 52, 1751 (1930). 


of more than seven centimeters is satisfactory for the measurement of sur¬ 
face tension for the smaller rings, but with larger rings or in the measure¬ 
ment of interfacial tension the diameter should be larger. 

The error caused by not having all the wire in the same plane cannot be 
measured quantitatively with any accuracy, and this may be an important 
source of error. A ring not in a plane gives a consistently lower pull, and is 
one of the troublesome factors in measurements with larger rings made of 
fine wire. In straightening the wire, a small brass plate was used in which a 
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groove was cut. The ring was set on the plate with the portion of the ring 
to be straightened across the groove, and was then tapped gently with a 
small brass rod rounded at the end. While this method was not entirely 
satisfactory, it was the best of a number that were tried. 


5. Bubble-Pressure Method 


A. GENERAL 


The surface tension of a liquid can be determined from the maximum 
pressure in a bubble, as, for example, at the bottom of a circular capillary 
tube. The method was suggested in 1851 by Simon, 14 and the first correct 

theory of the formation of bubbles was 
D published by Cantor, 16 although his 

equations for the manometric pressure 
were not exact. 

Equations for the calculation of the 

_ A _ surface tension have been given by a 

/ c /fV number of workers. That of Schroe- 

I dinger, 16 approved by Verschaffelt: 17 


ft h - ? r _! 1 

2 L 1 3 h 6 \h) .J 


Fig. 21.—Bubble at the lower end . n u * r i 

of a capillary opening. 1S valld lf r / h 18 sma11 ’ but for lar (? er 

values the tables of Bashforth and 
Adams 18 should be used. The symbols in equation (74) and below are: 
r = radius of tip. p = density of liquid (or denser phase), p' = density of 
gas (or less dense liquid), p = pressure difference (at varying depths) on 
the two sides of the bubble wall, p = maximum pressure difference be¬ 
tween the inside and outside of the bubble at the face of the tip. b = radius 
of curvature at the vertex of the bubble or meniscus, j = height of vertex 
of bubble above the face of the tip, so, in the bubble, j is negative, h = 
p/(p _ p ')g } is the “ ideal” height read on a manometer. This is the height 
when the manometer contains the liquid the surface tension of which is 
being measured, and when the face of the tip is at just the level of the plane 
surface of the liquid outside the tip; meniscus corrections should be ap¬ 
plied to the manometer; these are given in the section on the capillary 

14 M. Simon, Ann. chim. phys., 33, 5 (1851). 

“ M. Cantor, Ann. Phys., 47, 399 (1892). 

u E. Schroedinger, Ann. Phystk, 46, 410 (1915). 

1T J. E. Verschaffelt, Commun. Leiden, Suppl. No. 42d (1918). 

“ F. Bashforth and J. C. Adams, An Attempt to Test the Theories of Capillary Action. 
Cambridge Univ. Press, London, 1883. 
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height method on pages 3C5-306. x = horizontal coordinate for a point cm 
the surface of the bubble. 0 and 0' = angles shown in figure 21. A is 

contact of bubble with inside edge of tip; B is the vertex of the bubb e, 

X' and Z are abscissa and ordinate, respectively, of point Y with respect t 
n n is the vertical axis of tube and bubble; 0 is the angle between the 
vertical axis and normal to the surface at K; 0 is the same for normal at fi; 
nd C is the intersection of normal at Y with the vertical axis. g q 
the height measured on the manometer, provided this contains the liqui 
the surface tension of which is being determined, and at the same tempera¬ 
ture. If the tip is below the plane ____ === 

surface of the liquid, the depth is /1? n n 

subtracted from the manometric /, 1 \\ 

height. I I \V^>7 ! 1 

The bubble-pressure method has \ _y J j 

not been applied in its most ac- \ \ x " / / 

curate form, that is, in a way pre- N x ''-^ 

scribed by the theory. However, - 

if what is measured is actually the pjg. 22.—Bubble formation 

maximum pressure, as by the use under a thin plate, 

of a single, very slowly growing 

bubble the method should be one of the best, and, for certain purposes, 
the most convenient of all methods for the determination of surface tension. 
The method gave inexact values in the work of Jaeger; 19 and, while the 
results of Sugden 90 are more accurate, his method has not been tested with 
sufficient thoroughness to make certain that it is reliable. The errors are 
due to the fact that his method is kinetic, whereas the theory is that of a 


Fig. 22.—Bubble formation 
under a thin plate. 


// / V\ ~ 

/I \n 

/ \ v 

1 1 \ \ 


static procedure. 

A correct bubble-pressure method, as described on pages 400-40.), 
should be of particular value for the determination of the surface tensions 
of molten salts, and of liquid metals, for which the data are at present much 
less accurate than for other liquids. The method has the obvious disad¬ 
vantage that it cannot be used in a vacuum. 

Before the bubble-pressure method is used for the determination of sur¬ 
face tension, the investigator should become familiar with the phenomena 
exhibited in the expansion of a bubble. These were revealed by the work of 
Frese, 21 Hoffman, 22 and Tripp 23 under the direction of Young. 


19 F. M. Jaeger, Z. anorg. chem., 101, 1 (1917). 
w S. Sugden, J. Am. Chem. Soc., 121, 858 (1922); 125, 29 (1924). 
i» T. F. Young and F. G. Frese, private communication. 

u M. Hoffman, “Pressure as a Function of the Shapes of Liquid Surfaces.” M.S. 
thesis, Univ. of Chicago, 1926. » 

n h. P. Tripp, “Maximum Bubble Pressure Method for Measurement of Surface 
Tension.” Ph.D. thesis, Univ. of Chicago, 1934. 
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Figure 22 illustrates the form as calculated produced by increasing the pressure in 
bubbles under a circular hole in a plate of infinitesimal thickness. In experimental 
work, for obvious reasons, this is replaced by a thicker plate with a hole with a 
sharp edge (preferably the sharp edge is at the bottom). Here, the upper, broken 
straight line shows the form of the surface under zero pressure, where <f>' = 0. If 
pressure is applied to the gas and not to the liquid, the other lines represent the 
form of the meniscus or bubble as p is increased, the continuous curve giving the 
form for <f>' = 90°. At higher pressures, the bubble expands to higher values of <f>' 
and the form of the bubble below the plate now becomes identical with that below 
the tube, so <f>' = <t>. 



Fig. 23.—Relation between pressure, P/a, and height, J/a, of vertex of meniscus, 
a to 6, or bubble b, c, d, X. Positions 1, 2, 3 do not occur if the liquid wets the tube, 
but occur with a hole in a thin plate (Fig. 22). The maximum pressure, P/a, from 
which the surface tension is calculated, occurs at c and is equal to £ = P/a at C. At 
B, <t>' is 80°; at C, the pressure is at a maximum; at D the value of <*>' is 180°, ft is the 
last point which can be calculated from the tables of Bushforth and Adams; and at P 
(and/), the volume of the bubble is infinite. 

Let P 0 represent the pressure difference between the two sides of any bubble or 
meniscus at its vertex, then the curve OB'F' (Fig. 23) represents the P 0 of a bubble 
formed underneath the thin plate: OB from 0° to 90°, B'D ' from 90° to 180®, and 
D'F' the further expansion of the bubble. Portion B'F' obviously gives also the 
relations for a bubble below a tube as well as below a plate. Line OF gives the 
change in pressure in the liquid itself (at the vertex) as the depth increases. Ob¬ 
viously, this is linear. 

Since the tube used for the formation of the bubbles is a fine capillary, the liquid 
rises to a height h if the gas pressure at the meniscus, a, is zero. This height is desig¬ 
nated in figure 23 by J/a. The diagram which constitutes the right-hand side of 
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the figure gives the pressure, which is zero at A, on the z-ax-,s. As the 
pushed down the tube to 6 by an increase (lmear) of pressure it rema. 
shape. Shapes /, S, and 3 are not exhibited, since these occur with the thin p 
but not with a tube, which gives a contact angle of zero with respect to 

After the linear increase of pressure along AB is ended at B (positio ), 
meniscus changes into a bubble. The pressure now increases more ^ “ nt “ 
bottom of the bubble reaches c and below this decreases as the bottom of the bubble 
is pressed down. Thus the value of x at c gives the maximum pressure, p/a, wmen 
the bubble can give, and this is what should be measured. 

The use of j/a, p/a, p/a, etc., instead of j, p, and p, etc., depends upon the prin¬ 
ciple of similitude (page 362), since, for a given r/a, all bubbles have the same shape 
for a given p/a, and also for a given p/a. Thus, any number of bubbles which give 
the same maximum values of p/a have the same shape if r/a and D/a arc the same. 
Similar applications of the principle of similitude are fundamental in connection 
with the drop-weight and ring methods. 

The pressure in the bubble below the tube is the pressure difference between gas 
and liquid ( P 0 at the vertex of the bubble) plus the hydrostatic pressure, J (given 
by OF since its slope is unity). Thus, any point on curve OBCEF has a value of x 
= x 0 F + Xon-cR'r' at any value of J/a or, since p/a = x: 

Pobcbp — Poirc'B'p• 4* Pop (^5) 

The pressure change throughout the history of a bubble formed on a capillary 
tube can be traced on curve ABCDVF. Portion AB represents the depression of the 
meniscus in the tube. When the upper edge of the meniscus reaches the tip of the 
tube, the pressure has the value at B. The shape is now represented by curve b, fig¬ 
ure 23. As more gas is forced in and the vertex is depressed further, the pressure 
rises less rapidly than hitherto. When the bubble attains shape c, the pressure has 
reached a maximum value shown at C. As more gas is forced in, the expansion is so 
rapid that the pressure decreases. During this expansion, <£' increases further and 
the bubble attains shape d when <*>' reaches 180°. The pressure is now shown at 
D. When more gas is added, </>' can no longer increase because of the horizontal 
surface of the tip. The circular line of contact now begins to increase in diameter, 
and the pressure follows course DEF. Point F represents the pressure and depth 
of a bubble of infinite volume. The curvature at the vertex of such a bubble is zero, 
and the pressure is therefore due solely to j/a. F is therefore on the line having the 
slope of minus one. According to an equation of Verschaffelt which is to be dis¬ 
cussed later, the depth of the bubble passes through a maximum at point E 
(bottom at e). The radius of curvature of this bubble of maximum depth cannot 
be zero; and the pressure in such a bubble must be greater than j. Point E 
therefore lies to the right of OF. 

During the third stage, when </>' = 180°, the forms of all bubbles having a giveD 
circle of contact will be identical and the pressure will likewise be the same. Curve 
DEF therefore is representative of any bubble whose circle of contact is greater 
than the bore of the tube. The maximum pressure (point C) occurs when dHg/dj is 
zero. This point is reached when: 

dpo/dj = dj/dj = 1 


(76) 
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in other words—the slope of OB'F' is unity as at C'. Figure 24 exhibits the effect 
of a change of the size of the tip or, more exactly, of r/a, on the relations shown in 
figure 23. 



I*ig. 24.—Effect of the radius of the orifice of the tip or, more generally, 
of r/a, on the relations exhibited in figure 23. The curves from / to /, 
correspond to values of r/a of 0.3081, 0.3386, 0.4021, and 1, respectively. 

B. APPARATUS, MEASUREMENT, AND CALCULATIONS 

The tip on which the bubble is to be formed is prepared by grinding off 
the end of a piece of capillary tubing in such a way as to give a smooth 
surface perpendicular to the walls. The interior diameter, measured by a 
comparator, should be as nearly the same in different directions as is 
possible, and may have a diameter as low as 0.008 cm.; but if too small it is 
difficult to obtain an accurate measure of the diameter. 

This face of the tip is leveled while the tube is in a convenient support, and 
the liquid whose surface tension is to be measured is brought up around it 
by raising the U tube in which it is contained. The arm of the U tube con¬ 
taining the liquid may be narrow (ca. 1.5 cm. in diameter) and the other 
wide (ca. 4.5 cm.) and will require 75 to 90 ml. of liquid. The amount may 
be decreased by using a narrower “wide tube,” and by estimating the 
capillary rise in this tube when the pressure is calculated. This introduces 
a difficulty in that the level varies more rapidly during the formation of the 
bubble, but the variation may be estimated. 

The upper part of the capillary tube is connected with a manometer gage 
of U shape or some other form. The diameter of the manometer tubing 
may be 0.4 cm. It should be connected to a pressure generator. Tripp 28 
employed 5 cm. of rubber tubing of an internal diameter of 0.4 cm., pinched 
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bv a small vise with a screw which had 80 threads to the inch, in order to 
regulate the pressure. The depth of immersion of the tip is considered as its 
depth below the plane surface of the liquid in the wider arm of the U tube, 
as measured by a cathetometer. 


Equation (74) may be written: 


-4 


2 r 

3 h 



(77) 


/ a 2 = hr, for a capillary height with a different h), which is valid if r/h is small. For 
larger values, the tables of Bashforth and Adams 1 * may be used. They give the 

equation: 

V = g(p ~~ p')Z 4~ C = y(l/Ri 4- l/Ri) (78) 

where Z is zero at the apex of the bubble, or c /7 = 2/ b , where b = R\ = R%- 

V = 2y/6 + Z 9 ( P - p') (79) 

This pressure would be exerted by a column of liquid of height: 

h = p/g(p - p') = (2T/gb(p - p')) + Z (80) 


but: 

2 y/gb - p') = a 1 (81) 


Hence: 


h = (a*/b) + Z 


as found by Sugden. 20 

Multiplication by r/a * gives: 

hr/a 2 — r/b 4- rZb/aba 
Bashforth and Adams" use a fi, which they define by: 

0 = g(p- p')b 77 


(82) 


(83) 
« 

(84) 


which determines the shape of bubble, or this may be written as equation (85) or 
( 86 ): 


Now: 


P = 2b 2 /a 2 

(85) 

b/a = VS/2 

(86) 

r/b = r x'lB/a 

(87) 

hr/a 2 = r/b + rZ VB/2/ab 

(88) 


so: 




402 


W. D. HARKINS 


Sugdcn rearranges this and defines a quantity, X, by the equation, X = a*/h, so: 

r r r .r Z 1(3 

a*/h X b + ab >2 < 89 ) 

This discussion is based on that of Young and Frese, 21 who show that, for any 
chosen value of r/a, there will be a number of values of r/X corresponding to a 
series of values of 0, t. e., to a series of values of <t>, since 0 is a function of <t> for any 
selected liquid. In equation (78), a value is assigned to r/a, say unity. Then r/b = 
V273- Now assign a value of 6 to 0. If this value of r/b, which is really x/b in the 
tables, is found in the tables, the corresponding angle may be calculated, and like¬ 
wise the z/b for this angle. Then, knowing r/b, Z/b, and 0, r/X may be calculated 
from equation (79). As the next step, a value of 6.5 is assigned to 0, and another 
value for r/X is obtained. By repetition of this method, a table is constructed for 
some chosen value of r/a. An example will make the meaning clear (Table VII). 
From the table it is seen that as angle <t> increases, r/X, which is proportional to h 
(see Eq. 79), likewise increases and passes through a maximum. A series of mini¬ 
mum values can be calculated for X/r in this way for a range of values of r/a; from 
them, by interpolation, a table (Table VIII) was calculated by Sugden. 


Table VII* 


Values of r/b, Z/b, r/X and «asa Function of 0 at r/a - 1.0 


0 

r/b 

Z/b 

r/X 

* 

6 

0.5772 

0.6756 

1.7479 

147.1 

6.5 

0.5546 


1.7519 

152 6 

7.0 

0 5346 

0.6514 

1.7536 

157.5 

7.5 

0.5165 

0.6384 

1.7528 

162.1 

8.0 

0.5000 

0.6254 

1.7508 

166.5 


° T. F. Young and F. G. Fresc, private communication. 


The surface tension may be calculated from table VIII or by the direct 
use of the tables of Bash forth and Adams. 18 Now: 

h = a 2 /X + l (90) 

where l is the depth of the tip. Let ha = h — l = a 2 /X, since: 

a 2 = h 0 X (91) 

Assume first that X = r, and calculate a 2 , and from this r/a. From table 
VIII, the value of X/r may be obtained, and from this the value of X, 
which from a 2 = ha X gives a new value of a 2 . By successive approxima¬ 
tions, the correct value of a 2 , and thus of y is obtained. 
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In Sugden's method,™ which is less accurate than Young’s method of the 
single bubble, two tubes with tips of widely varying diameters are used, 
and the bubbles are pulled through the apparatus by means of a mercury 
aspirator attached to a manometer filled with tinted absolute alcohol. 
An improved bubbler was recently described by Quayle and Smart 
(Fig. 25). 24 


Table VIII 


Minimum Value of X/r for Values of r/a from 0 to 1.50* 



TT:TiM 


0000 0.9999 0.9997 0.9994 0.9990 0.9984 0.9977 0.9908 
9934 .9920 .9905 .9888 .9870 .9851 .9831 .9809 
9737 .9710 .9682 .9653 .9623 .9592 .9560 .9527 
9419 .9382 .9344 .9305 .9265 .9224 .9182 .9138 
9000 .8952 .8903 .8853 .8802 .8750 .8698 .8645 
8484 .8429 .8374 .8319 .8263 .8207 .8151 .8094 
7920 .7860 .7800 .7739 .7678 .7616 .7554 .7493 
7312 .7252 .7192 .7132 .7072 .7012 .6953 .6894 
6718 .6660 .6603 .6547 .6492 .6438 .6385 .6333 
6179 .6129 .6079 .6030 .5981 .5953 .5885 .5838 
5703 .5659 .5616 .5573 .5531 .5489 .5448 .5408 
5290 .5251 .5213 .5176 .5139 .5103 .5067 .5032 
4928 .4895 .4862 .4829 .4797 .4765 .4733 .4702 
4611 .4582 .4553 .4524 .4496 .4468 .4440 .4413 
4333 .4307 .4281 4256 .4231 .4206 .4181 .4157 


S. Sugden, The Parachor and Valency. Routledgo, London, 1930, Tabic 80, p. 219 


The quantity of liquid is adjusted so the tips are two to three millimeters 
below the surface. The stopcock leading to the wider tip is closed, and the 
bubbles pulled through the narrow tip at about one per second. The 
maximum pressure is recorded. Then the stopcock is opened and the 
maximum pressure again noted. The difference in the maxima is H' t and 
this may be converted to accord with the density of the liquid being 
measured: 

H — H * Pmanomcter/piiquid (92) 


The calculation is made in exactly the same way as exhibited before for a 
single tube, as follows: Let r x and r 2 be the radii of the tubes, hi and the 
pressures, measured in centimeters of the liquid concerned, which are re¬ 
quired to liberate bubbles, and l the depth to which each tube is immersed. 
Then, from equation (90): 

hi = ayXi + 1, h 2 = a*/X 2 + l (93) 


u O. R. Quayle and K. O. Smart, J. Am. Chem. Soc., 66, 937 (1944). 
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Therefore: 


// = /,, - /,, n\\/X } - 1/X 2 ) 


«* = ///(1/-Vi - 1/A%) (95) 

The use of tlxis equation and the table are best explained by means of an 
example. With an apparatus similar to that described on page 403, the 

following values were found by Sugden 24 " for benzene 
at 20°: r, = 0.007525 cm., r 2 = 0.0600 cm., H = 
6.81 cm. of water at 15° = 7.755 cm. of benzene at 
20° C. 

As a first approximation take A'i = r Xt X 2 = r 2 . 
Then a 2 = 7.755/116.2 = 6.675 sq. mm. Using this 
ff \ value of or to calculate r,/a and r 2 /a, it is found that 
|H| n/o = 0.02*) and r 2 /a = 0.232. From table VIII, the 

a corresponding values of X/r are: X\/r = 0.9994 and 
Qo“ X 2 /r = 0.9649, whence X x = 0.007522 and X 2 = 
ini 0.0579. Putting these values in equation (95), a 2 = 
Jp ~jl pi 1 6.703sq.mm. 

1 /If A further application of this method of successive 

I [| approximations gives the same result for a 2 . 

| At 20° C., for benzene, D - d = 0.8771 and g - 981 

v- cm. per sec. 2 from which y = 28.84 dynes per cm. 

This method of calculation is accurate for any size 
of tube giving values of r/a covered by table VIII. 
It is, however, very tedious when a large number of 
results have to be dealt with; and a much simpler 
method can be used if the values of r x and r 2 fall within 

» / certain limits. In practice, tubes of radii less than 

0.005 cm. are difficult to use, since they are readily 
blocked by dust particles; on the other hand, tubes of 
radii greater than 0.010 cm. give pressures which are 
1 lg '» 2 ?;~ Sugd ? n small and cannot be measured accurately. The radius 

apparatus 74 as modi- f ., • 1 . 1 • • , ^ , , 

fled by Quayle. ot the w,(Je tube 1S conveniently fixed at between 0.100 

and 0.200 cm. For tubes of these radii and liquids with 
values of a 2 greater than 3 mm. 2 , it is found that the surface tension may 
be calculated by the simple empirical formula: 


= AP 1 + 0.69r 2 


u * S- Sugdun, The Parachor and Valency. Koutledgc, London, 1930, p. 220. 
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Here A is, for the apparatus, a constant which is determined chiefly by the 
radius of the smaller tube, but also by that of the larger one, and P is the 
difference in pressure required to liberate bubbles from the two tubes, ex¬ 
pressed in dynes per cm. 2 . This simple expression, when tested by compari¬ 
son with the more accurate method, using equation (95) and table VIII, is 
found to be accurate to one part in 1000 within the limits stated above. 
It is. therefore, amply accurate, since the errors of Sugden’s two-tube 
method are usually considerably larger (about one in 200). 

The precautions listed below are essential if a stream of bubbles is used. 
If a single bubble is observed only ( 1 ) is important: 

(/) The outside diameter of the tip should not be too large, t. e., the 
wall of the capillary should be thin at the tip. 

( 2 ) if the method of observation of a single bubble is not employed, and 
that of many bubbles is adopted, a rate of flow of from 35 to 60 bubbles per 
minute seems to avoid the fluctuations of pressure found at lower rates and 
also at higher rates. 

(3) If the frictional resistance in the tip is too high, the pressure re¬ 
quired to liberate a stream of bubbles is greater than that to overcome the 
surface tension. This condition is easily detected, since the maximum pres¬ 
sure varies with the rate of flow. With too small a frictional resistance, the 
bubbles are liberated in groups of two or more, and the gage may oscillate 
through several tenths of a millimeter or more. The tube which connects 
the gage to the tip should be free from constrictions, since they may give 
an excess of pressure on the gage. 

(4) If the diameter of the gage or the volume of the system is too small, 
there may be a decrease in pressure when the bubble escapes and the true 
maximum pressure may not be attained. 

Since the precautions which must be observed in order to obtain ac¬ 
curate results are much more simple if a single bubble, rather than a stream 
of bubbles, is observed, it seems obvious that the method which uses the 
variation of pressure in a single bubble is preferable. It is essential that 
enough bubbles be released from the tip to insure a clean liquid-gas inter¬ 
face before the observation of a single bubble is begun. Young, who has 
done a considerable amount of work on bubble-pressure methods, considers 
that the use of single bubbles should give better results than that of a 
stream of bubbles. The maximum pressure should be measured for each 
of 10 or more bubbles. 


6. Pendant-Drop Method 

The theory but not the practice of the pendant-drop method is presented 
on pages 370-374. This method is less accurate than any of those dc- 
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scribed above. As used at present, it is a relative method, but it would 
become absolute if the theory of Hash forth and Adams,' 8 or of Freud and 
Harkins 2 were to be applied. 

Small Drops— The drop is formed, the pressure in it measured, and the 
form of the drop determined, either directly or by the use of an enlarged 
photograph. The surface tension is calculated from the curvature at the 
point where the pressure is measured, and is independent of the contact 
angle. The method is equally applicable to bubbles or drops, and to sur¬ 
face or interfacial tension. This applies to the method of large drops also. 

Larger Drops .—The general method is the same with the exception that 
the drops are too large to permit an accurate measurement of pressure. 
All that is necessary is to make two measurements of linear dimensions 
so selected as to allow a moderately accurate calculation of the surface 
tension. Before this method is chosen it is well to consider a statement by 
Dorsey. 12 “All such determinations are based upon a departure of the 

surface from a spherical form. This indicates the limitations of the 

method; it rests upon the precise measurement of quantities which in 
other methods enter only as corrective terms.” 

In view of the above statement about a method which depends upon 
the measurement of a static drop, it might seem that the drop-weight 
method, which involves motion, should be even less accurate. However, 
actually it is very much more accurate than the pendant-drop method. 
The form of a drop which hangs from the sharp edge of a horizontal cir¬ 
cular tip is, as shown earlier, very exactly determined by the dimension¬ 
less quantities, h/a and r/a (page 363), while, for the maximum stable 
drop, it is determined by r/a alone. It has been found by an extensive 
series of experiments that the fraction of the ideal drop which falls is also 
determined with considerable exactness, provided the drop detaches itself 
with the slowness attained in the best experimental technique. Thus, the 
form of the pendant drop and the weight of the drop which falls are deter¬ 
mined quite exactly by the dimensionless quantities. In the determina¬ 
tion of the surface tension by the pendant^drop method two linear meas¬ 
urements related to the shape are used, while in the drop-weight method 
the weight is utilized. This difference causes the latter method to be 
much the more accurate. The drop-weight method, unlike that of the 
pendant drop, does not depend upon a departure from the spherical shape. 
The shape enters into the correction factor—/(r/a), f{r/V' / *) i or F —but 
this may be chosen for values of r/a such that this factor is almost inde¬ 
pendent of r/a. All of these relationships give the drop-weight method a 
high degree of accuracy, and the pendant-drop method a lower degree of 
accuracy. 

As is true of other methods, a large number of investigators have worked 
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on the method of the pendant drop”'” The advantages of the method 
have been outlined by Andreas, Hauser, and Tucker who have cal 
brated the method by determining empirical correction factors by tnc ust 


of water as a standard. 

“(/) It is sufficiently simple to be subjected to a complete mathematical analysis. 
(*) The results are independent of the angle of contact between the fluid interface 
and the apparatus. ( 3) The method is static and is therefore not influenced by 
viscosity effects. ($) Measurements are made instantaneously. (5) Successive 
measurements can be made of a given surface without disturbing it, thus permitting 
an accurate study of the aging of surfaces. (6‘) Boundary tensions of any magnitude 
can be observed. Values as great as 370 dynes and as small as 0.3 dyne per cen¬ 
timeter were measured with the present apparatus. (7) Either surface tension or 


Table IX 


Surface Tensions 


Boundary 

Tension*. dynes per centimeter 

Observed 

Other methods 

Benzene-air 

28.1 

28.22 * 0.04- 

ICthanol-air 

21.9 

21.85 * 0.1- 

Methanol-air 

22.5 

22.18 * 0.15- 

Toluene-air 

27.7 

27.87 * 0.08- 

Mercury-benzene 

362. 

255.5- 

Mercury-water 

369. 

374.- 

Water-benzene 

30.1 

34.62- 

Water-carbon tetrachloride 

43.8 

44.9-- b 

Water-toluene 

32.9 

36. !-• 


• International Critical Tables, Vol. IV. , , 

* W. D. Harkins and V. C. Cheng, J. Am. Chcm. Soc., 43, 35 (1921), by falling drop. 


interfacial tension can be measured in any system in which at least one fluid is trans¬ 
parent and the fluids are of unequal density. ( 8) Only small samples arc required. 
One cubic centimeter of the internal phase is usually more than enough for several 
measurements. ( 9) The apparatus is adapted to simple temperature control. 
(10) The photographs on which the measurements are made serve as permanent 
records.” 

Since they do not use the theory, item (/) gives their method no advan¬ 
tage. Some of their results are compared with those of others in table IX. 

* A. Ferguson, Phil. Mag., 23, 417^430 (1912); 25, 403 (1913). 

28 P. S. Laplace, Mtcanique Cflcste. Supplement to the 10th book, France, 1800. 

27 T. Lohnstein, Ann. Physik: (a) 54, 713-723 (1895); (b) 20, 237-268 (1906); (c) 
20, 606-618 (1906); (d) 21, 1030-1048 (1906). 

« A. W. Porter, Phil. Mag., 8, 180 (1929). 

29 J. E. Verschaffelt, Commune. Phys. !xib. I'niv. Ix;iden, 14, No. 42e (1918). 

30 A. M. Worthington, Proc. Roy. Soc. London, 32, 362 (1881); Phil. Mag., 19, 46 
(1885). 

31 J. M. Andreas, E. A. Hauser, and W. B. Tucker, J. Phys. Chem., 42, 1001 (1938). 
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As applied by them the apparatus consists of a source of monochromatic 
light, a small tight box in which the temperature is kept constant by pump¬ 
ing through it water from a thermostat., a set of circular tips of different 
diameters, and what they describe as a precise camera (Fig. 2(i). They 
use a mercury-arc light (GE, type II-3, 85 watt high pressure) and gelatin 
filter (\Vratten 77-A) combination. Since it is extremely important that 
only parallel rays of light should be employed in the field of the drop, the 
lenses used should be chosen with this in mind. 



Fig. 26.—Diagram of system for photographing the outline of a pendant drop. 


Drop-forming tips were made by scaling short lengths of 2 mm. and other 
diameters of tubing to 1.5-cc. hypodermic syringes. Obviously the tip 
should be circular in a horizontal plane when the apparatus is in use. 

The surface or interfacial tension, y, is given by the relation: 

7 - g(pi - P 2 )d\F (97) 

in which pi and pj are the densities of the more dense and less dense phases, 
d e is the equatorial diameter (Fig. 27), and F is a function which represents 
the shape (S). The value of F can be obtained by theory, but Andreas, 
Hauser, and Tucker chose to determine it experimentally by the use of 
drops of water and the equation: 

F = - 7 —-r (98) 

Q 'Pi P?)u, 

where F = f(S) or F is a function of S. 

The shape may be represented by any two dimensions or a curvature and 
a dimension of the drop, which should be of the general shape shown in 
figure 8a for a drop with a neck. This is a shape calculated by theory. 
Some dimensions are better suited to accurate measurement than others. 
It might be considered that the largest diameter, d e , and the narrowest 
diameter, at the neck, would be one of the best of possible choices. How¬ 
ever, for the empirical calibrat ion d e and the diameter designated as d, were 




IX. 


SURFACE AND INTERFACIAL TENSION 


409 


chosen. The latter is the 
drop. Thus in table X: 


diameter at the height d . above the vertex of the 


S = djd e 


(99) 


so, for this shape of drop it is always less than or equal to unity. 



Fig. 27.—Shape of a particular 
pendant drop. 



Fig. 28.—Shapes of pendant drop 
at different extensions. 


The values of F are given in table X, and figure 28 shows the change of S 
and 7 as a drop of 0.025% aqueous solution of sodium stearate increases in 
age from 10 to 1800 sec. Water at 25° C. has a surface tension of 72.0 
dynes per centimeter. 

A sample calculation of the surface tension by the method of two selected 
planes would be: 

Carbon tetrachloride in air at 25.0° C.; surface 15 seconds old. 


Density of carbon tetrachloride. 1.585 g./cc. 

Density of air. 0.001 g./cc. 

Effective density. 1 • 584 g./cc. 

Diameter of drop at equator, d e . 0.228 cm. 

Diameter of drop at selected plane, d s . 0.224 cm. 


S = djd. = 0.224/0.228 = 0.9S2 

From table X, F = 0.321: 

y = Fgp{d t y = (0.321) (980.4) (1.584) (0.228) 2 
= 26.0 dynes/cm. 
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The International Critical Tables (Volume IV, page 447) give for the surface ton. 
sion of carbon tetrachloride at 25° C. the value 26.15 ± 0.1 dyne per centimeter. 


Table X. F vs. S for Pendant Drops" 

•S' = d./il, y = (p, — pi)gtl’F 

Interpolation is unwarranted 


s 

0 

l 

2 

3 

4 

o 

c 

7 

8 

u 

0.70 

0.797 

0.795 

0.792 

0.790 

0.787 

0.785 

0.782 

0 780 

0.777 

0 775 

0.71 

0.772 

0.770 

0.767 

0.765 

0.762 

0.759 

0 757 

0.754 

0.752 

o 7.t<| 

0.72 

0.747 

0.744 

0.742 

0.739 

0.737 

0.735 

0.732 

0.730 

0.727 

0 72S 

0.73 

0.722 

0.720 

0.718 

0.715 

0.713 

0.711 

0.709 

0.706 

0.704 

() 709 

0.74 

0.699 

0.697 

0.695 

0.692 

0.690 

0.688 

0.685 

0.683 

0.681 

0 679 

0.75 

0.676 

0.674 

0.672 

0.670 

0.668 

0.665 

0.663 

0.661 

0.659 

0 657 

0.70 

0.655 

0.652 

0.650 

0 648 

0.646 

0.644 

0.642 

0.640 

0.637 

0.635 

0.77 

0.033 

0.631 

0.629 

0.627 

0.625 

0.623 

0.621 

0.019 

0.617 

0 615 

0.78 

0.613 

0.611 

0.609 

0.607 

0.605 

0.603 

0.601 

0.599 

0.597 

0 595 

0.79 

0.593 

0.591 

0.589 

0.587 

0.585 

0.583 

0.581 

0.579 

0.577 

0 575 

0.80 

0.573 

0.571 

0.570 

0.568 

0.566 

0.564 

0.562 

0.561 

0.559 

0 557 

0.81 

0.555 

0.553 

0.551 

0.550 

0.548 

0.546 

0.544 

0.542 

0.540 

0 539 

0.82 

0.537 

0.535 

0.533 

0.532 

0.530 

0.528 

0.526 

0.524 

0.523 

0 521 

0.83 

0.519 

0.518 

0.516 

0.515 

0.513 

0.511 

0.509 

0.507 

0.506 

0.504 

0.84 

0.502 

0.501 

0.499 

0.498 

0.496 

0.494 

0.493 

0.491 

0.490 

0 488 

0.85 

0.486 

0.485 

0.483 

0.482 

0.480 

0.479 

0.477 

0.476 

0.474 

0 473 

0.86 

0.471 

0.470 

0.468 

0.467 

0.465 

0.464 

0.462 

0.461 

0.459 

0.458 

0.87 

0.457 

0.455 

0.454 

0.452 

0.451 

0.450 

0.448 

0.447 

0.446 

0.444 

0.88 

0.443 

0.441 

0.440 

0.439 

0.437 

0.436 

0.434 

0.433 

0.431 

0.430 

0.89 

0.429 

0.428 

0.426 

0.425 

0.423 

0.422 

0.420 

0.419 

0.418 

0.417 

0.90 

Q%415 

0.414 

0.413 

0.411 

0.410 

0 409 

0.408 

0.406 

0.405 

0.404 

0.91 

0.403 

0.401 

0.400 

0.399 

0.398 

0.396 

0.395 

0.394 

0.393 

0.391 

0.92 

0.390 

0.389 

0 388 

0.386 

0.385 

0.384 

0.383 

0.382 

0.381 

0.379 

0.93 

0.378 

0.377 

0.376 

0.375 

0.373 

0.372 

0.371 

0.370 

0.369 

0 368 

0.94 

0.366 

0.365 

0.364 

0.363 

0.362 

0.361 

0.359 

0.358 

0.357 

0.356 

0.95 

0.355 

0.354 

0.353 

0.352 

0.351 

0.350 

0.349 

0.348 

0.346 

0.345 

0.96 

0.344 

0.343 

0.342 

0.341 

0.340 

0.339 

0.338 

0.337 

0.335 

0.334 

0.97 

0.333 

0.332 

0.331 

0.330 

0.329 

0.328 

0.327 

0.326 

0.325 

0.324 

0.98 

0.323 

0.322 

0.321 

0.320 

0.319 

0.318 

0.317 

0.316 

0.315 

0.314 

0.99 

0.313 

0.312 

0.311 

0.310 

0.309 

0.308 

0.307 

0.306 

0.305 

0.304 

1.00 

0.303 

■ 








“ M- Andreas, K. M. Hauser, ami W. B. Tucker, J. Phys. Chem., 42, 1001 (1948) 


Andreas, Hauser, and Tucker, state that experience shows if the linear 
dimensions of a drop can be measured with a probable error of not more 
than ±0.1% the values of y will have an uncertainty of about ±0.5%. 

At the top of table X an error of 1% in the determination of S gives a 
2% error in F at the top, and 3.3% at the bottom. If d t and d e were each 
0.1 or 1% in error in opposite directions y could be off by about 1.1 or 
11%, respectively. Therefore great care should be taken to make the 
errors of measurement as small as possible. 

This method is useful in rapid work, especially when the surface tension 
is changing with time, but should not be used if high accuracy is desired. 

For the most accurate constants for measuring surface and interfacial tensions by 
the method of Andreas, et al. see S. Fordham, Proc. Roy. Soc. London, A194,1 (1948). 
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7. Concluding Remarks 


A . ABSOLUTE METHODS 

In the section on the "Choice of Method” (pages 363 etseq.) the relative 
accuracy of certain methods is indicated. Now that the theory of the 
shapes of surfaces has been given some consideration, a further discus 
sion should be profitable, since the suitability of the method for'the^par¬ 
ticular purpose for which it is to be used is as important as the expen- 

m Methods may be^onsidered as “absolute” if the complete theory of the 
method has been developed to such a state that there is agreement be¬ 
tween the theory and the experimental results. The theory of the capillary 
height method is so simple that it is easily shown that it involves no pos¬ 
sibility of error, except in the meniscus correction, which can be made so 
small as to be almost negligible. The theory of the shape of a small 
meniscus is developed to such an extent that the total error due to the 
theory is less than that in the extremely accurate experimental work which 
has been done. This is the best illustration of an "absolute” method. 

The ring method may also be considered as absolute, since the theory o 
Freud and Freud 1 * and the experimental values of Harkins and Jordan 
have been found to agree. However, with pure liquids, the error in the 
use of this method, although very small, is greater than in extremely careful 
work by the capillary height method. 


B. METHODS NOT DESCRIBED 

Sessile Bubbles or Drops.—This method involves the same general 
considerations as that of the pendant drop or bubble, but it is the best 
method if very slow time effects are involved. The form of a drop which 
rests upon a horizontal plane plate, or of a bubble under the plate, is ob¬ 
served. The use of the bubble is much to be preferred, since a series of 
bubbles can be blown under the plate and thus a clean surface obtained 
which keeps clean very much better than that of a drop. The only prac¬ 
tical use of the method of the sessile bubble is in the measurement of the 
surface tension of solutions of detergents and other substances which ex¬ 
hibit the same aging phenomenon. The surface tension of dilute solutions 
of these substances may decrease with the age of the surface for a period 
of many hours, and, according to some investigators, for a period even of 
weeks. 

The Pull on a Vertical Plate.—The pull on a vertical plate as measured 
by a balance (Wilhelmy method) is described in its differential form on 
pages 434-438. The use of the nondifferential form has been greatly 
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limited by the fact that the depth of immersion of the plate must be known 
with considerable accuracy. 

Other methods include the use of: (/) ripples, ( 2) vibrating jets (par¬ 
ticularly valuable for dynamic surface tension), (3) oscillation of drops, 
(/,) pull on a sphere, (5) pull on an adhesion plate, etc., but these are used 
so seldom that they are not described here. 

Solids 

It may be said that neither the surface tension, y, which is the free sur¬ 
face energy, nor the total surface energy, h, of a solid, has ever been de¬ 
termined. It is true that Lipsett, Johnson, and Mass” by a calorimetric 
method obtained a value of 400 erg cm. -2 as the surface energy of sodium 
chloride at 25° C. Unfortunately there was, at that time, no accurate 
method for the determination of the area of the fine crystals used in this 
work, and this lack introduced a large error. In 1942 Wertz and Harkins, 
by the same calorimetric method, obtained a single value of 180 erg cm.- 2 
by the use of fine crystals of a sample of the salt whose area was deter¬ 
mined by adsorption of nitrogen. Unfortunately not much weight can be 
attached to a single determination. Jaeger, 23 by use of the bubble-pressure 
method, found values of 113.8 and 88 dyne cm. ”* for liquid sodium chloride 
at 803° and 1172° C. If linear interpretation were justified this would 
give as the value at 0° K. for the hypothetical liquid 190 d>ne cm.- 1 or 
erg cm.“ 2 for both y and h. However, Jaeger’s values are in general not 
too accurate. 


Table XIA 


Surface Energies of Alkali Halides and Alkaline Earth Oxides and Sulfides 

(Erg Cm.”*) (100 Planes)*'- ** 



F 

Cl 

Br 

I 


O 

S 

Na 

265 

77 

76 

79 

Mg 

1362 

357 

K 

149 

56 

54 

58 

Ca 

1032 

356 


Table XI gives, as comparison, values calculated by theory. It is evi¬ 
dent that, thus far, agreement between experiment and theory is lacking. 

** S. G. Lipsett, F. M. G. Johnson, and O. Mass, J. Am. Chem. Soc., 49, 925, 1940 
(1927); 50,2701 (1928). 

** F. M. Jaeger, International Critical Tables. Vol. IV, p. 443. 

34 J. E. Lennard Jones and P. A. Taylor, Proc. Roy. Soc. London , A109, 476 (1925). 
“ B. E. Dent, Phil. May., 8, 530 (1929). 
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A method developed by C. S. Smith (private communication) of the In¬ 
stitute of Metals, University of Chicago, gives a knowledge of the relative 


• Table XIli 

Surface Energies of Certain Salts (Oil Plane) 


Oil 

-1 

F 

Cl 

Oil 

O 

S 

Na 

78-1 

350 

Mg 

3940 

1730 

K 

489 

260 

Ca 

2850 

1440 


interfacial tensions at grain boundaries in solid metals at the temperature 
of annealing, which may be much below the melting points of the metals 
involved. Where three crystal grains meet in a line, which is the inter¬ 
section of three planes, a plane perpendicular to the line cuts the planes at 
three lines which intersect at a point. If all of the interfacial tensions are 
equal, these lines will give three angles of 120° each. However, in general 
they are not equal at equilibrium, and the relative interfacial tensions are 
obtained by solving the triangle of forces. Lead in copper is found to take 
the form of a sphere of lead imbedded in the copper. With copper-tin 
600° to 750° C., and with zinc-copper only 250° C., give a sufficiently 
rapid diffusion to give equilibrium. It is found that, between different 
orientations of the same phase, the interfacial tension is often higher than 
between different phases. 

The fact that solids in which there is sufficient diffusion change their 
grain shapes to equilibrium, in some cases even in an hour, opens up the 
possibility that in a centrifugal field grains of ca. 0.01 mm. in diameter 
might, by application of the sessile-drop method, give directly values for 
the surface tension of certain metals and alloys. For this purpose a rota¬ 
tion in a horizontal plane could be applied and the piece of metal (or of an 
organic solid) held in place during rotation in a slight depression of proper 
curvature in a vertical side wall where it would be held by the field itself. 

IV. PARACHOR 

The correlation of physical properties with structure would be greatly 
simplified if some truly “additive” property could be discovered (Sec. I 7, 
Ch. XX). The value of this property for any compound would be obtained 
by simply adding the contributions of the atoms and the structural link¬ 
ages in the compound. Molecular volume, critical volume and nullpunkts- 
volume (molecular volume extrapolated empirically to absolute zero) 
possess, to a certain extent, this property of additivity, but not nearly to the 
same extent as that function of the surface tension and density of the liquid 
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known as parachor. However, recent studies 36-366 have demonstrated that 
even the parachor is not quite as completely additive as was first believed. 
Additional interference terms are necessary to explain the various effects 
of structure and present indications are that the use of the parachor for 
deciding between possible structures is not as reliable as was originally 
expected. 

In 1923, MacLeod 37 discovered empirically that the fourth root of the 
surface tension, y, is proportional to the difference between the liquid and 
vapor densities, D-d, and that the proportionality constant for non- 
associated liquids is very little affected by temperature up to about 30° C. 
below the critical temperature. Sugden 3S multiplied the ratio of y A to 
(D-d) by the molecular weight and termed the product the parachor, that 
is, comparative volume [P]. The defining equation for the parachor at any 
given temperature is thus: 

[P] = My l '*/(D - d) (99a) 

where y = surface tension in dynes per centimeter, D = liquid density 
in grams per cubic centimeter, d = vapor density in grams per cubic 
centimeter, at the same temperature and at the vapor pressure of the liquid, 
and M = molecular weight. It is of interest to note that the unit of the 
parachor is not that of molecular volume, but is gram 7 * cm.’/sec. 7 * mole. 
The exponent, l / A , has no foundation in theory, but has been found to main¬ 
tain the parachor constant over a considerable temperature range for a 
variety of compounds. 

There is some rational basis for the parachor in that the compounds 
are compared under similar conditions of surface tension. This is suppos¬ 
edly equivalent to a comparison of the molecular volumes under equal com¬ 
pression by the intermolecular forces. However, the choice of a fourth 
root in the formula and the inclusion of the density of the vapor as a cor¬ 
rection to the density of the liquid are not explained by the above rationali¬ 
zation. The exponent, l / 4 , is a good compromise for all the compounds 
measured, but for an individual compound the function may show better 
constancy at different temperatures with a slightly different value of the 
exponent. 

*« A. I. Vogel, el al., J. Chem. Soc., 1934, 333, 1758; 1938,1323; 1939,1862; 1940, 
171,1528; 1943,16,636; 1946,133. 

*•* S. A. Mumford and J. W. C. Phillips, J. Chem. Soc., 1928, 155; 1929,2112; Ber ., 
B63, 1818 (1930). 

^T. W. (sibling, J. Chem. Soc., 1941, 299; 1942, 661; 1943, 146; 1944, 380; 1945, 
236. 

D. B. MacLeod, Trans. Faraday Soc., 19, 38 (1923). 

« S. Sugden, J. Chem. Soc., 1924, 1177; The Parachor and Valency, Routledge, Lon¬ 
don, 1930. 
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la modem «.*, ea^n.ma » 

fcrent temperatures so the effect of temp such P as the paraffin hy- 

Table XII 

Effect of Temperature on Parachor o f Nonassoc.ated Lmums- 


Hydrocarbon 


n-IIcxjinc 

n-Hcptane 

n-Octanc 

n-Nonanc 

n-Duranc 

n-Undecane 

n-Dodecane 


20° C. 


270.8. 
311 3. 
351 - la 
391.14 
431 2. 
470.5* 
510 1, 


30° C. 


270.7 0 
311.2, 
350.9, 
391.0, 
431.14 
470.8, 
510.7, 


40° C. 


270.8o 
3113, 
351.2. 
.390.9, 
431.4, 
471.0, 
510.8, 


50° C. 


310 

351 


5, 

Oo 


| _ _j____—- 

. O. H. Qimylc, U. A. D.y, and G. M. Brown. J. Am. Chem. Soc., 66. 938 (.944). 

For a typical associated liquid such as ethyl alcohol, the parachor in- 
e frlm 194 2 jit -57° to 131.0 at 200° C. In general, the more as 
St Sid the greater is the increase of the parachor with ten, 

Pe For U the calculation of parachor values, the density of the vapor d, 
is frequently neglected because it is relatively sman although fo accu- 
rate work it should be included. At room temperatures, a ca culation 
from the ideal gas laws is perfectly satisfactory, using available vapor 
pressure data or even a rough approximation from a Cox chart or similar 
method (see Chapter V). At higher temperatures, the following correla¬ 
tions' 0 for estimating the density of the vapor are convenient: 

log (d/d>) = 5(r/n - 1) (" b) 

d„ = 0.0122 Af/T» (M ( ') 

where d = density of vapor in grams per cubic centimeter, d b = d at 
normal boiling point in grams per cubic centimeter from the ideal gas laws, 
T = absolute temperature in degrees K., 1\ = absolute normal boiling 
point in degrees K., and M = molecular weight. 


1. Calculation from Atomic and Structural Values 

A large amount of work has been devoted to the determination of the 
best values of the atomic and structural parameters, and of the magnitude 
of additional terms to correct for deviations from additivity. The accuracy 
of surface-tension measurements has increased so much since Sugdcn’s 


39 G. Calingaert and D. S. Davis, Ind. Eng. Chem., 17, 1287 (1925). 

40 S. Sugden, J. Chem. Soc., 127, 1540 (1925). 
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pioneer work that discrepancies which would have been of the order of 
experimental error 20 years ago must now be taken into account. Vogel 36 
and several other modem workers have deferred analysis of their parachor 
values until a better set of atomic and structural values based on the 
newer measurements are obtained. For most organic compounds which 


Table XIII 

Sugden’s Parachor Values 


Carbon. 

. 4.8 

Sulfur. 

. 48.2 

Hydrogen. 

. 17.1 

Fluorine. 

. 25.7 

Nitrogen. 

. 12.5 

Chlorine. 

. 54.3 

Phosphorus. 

. 37.7 

Bromine. 

. 68.0 

Oxygen. 

. 20.0 

Iodine. 

. 91.0 


Double bond. 

23.2 

Triple bond. 

3-Membered ring- 

46.6 

16.7 

4-Membered ring- 

11.6 

5-Membered ring- 

8.5 

6-Membered ring.... 

6.1 

Esters. 

- 3.2 

Coordinate linkage.. 

- 1.6 

Singlet linkage. 

-11.0 


are not highly associated, experimental parachors 41 are constant to about 
±0.5 unit over a 30° temperature range. Hence, the calculated values 
should reproduce the experimental data to this accuracy. 

The parachor is quite sensitive to the presence of impurities in the com¬ 
pound under consideration. Thus for n-octane Vogel 42 obtains the follow¬ 
ing parachors: 350.4 at 22.9°, 350.4 at 23.5°, 350.5 at 40.7°, 350.7 at 
60.3°, 350.3 at 86.0° (average 350.5), for a product obtained from n-butyl 
bromide and sodium. Material prepared by the Clemmensen reduction 
of methyl n-hexyl ketone had a parachor of 351.7 at 20°, higher than any 
of the values from the other preparation. Lek 43 obtained 350.3, and Wi- 
baut 44 350.6, while Quayle, Day, and Brown 45 (see Table XII) obtained 
351.1, 351.0, 351.3, and 351.0 at 20°, 30°, 40°, and 50°, respectively. This 
spread in the values for n-octane is fairly typical of the uncertainty associ¬ 
ated with even these basic paraffin parachor values. 

*' All experimental parachor values not otherwise credited have been taken from “A 
List of Parachors,” Brit. Assoc. Advancement Sci. Repl., 1932, 265. 

«* A. I. Vogel, J. Chem. Soc., 1946, 133. 

«» M. Lek, Thesis, Brussels, 1930; Bull. soc. chim. Belg., 40, 177 (1931). 

41 J. P. Wibaut el at., Rec. trav. chim., 58, 337 (1939). 

46 O. It. Quayle, It. A. Day, and C.. M. Brown, J. Am. Chem. Soc., 66, 938 (1944). 
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A. 


~ - - - 

TffSJCT,=£S-SS- - - ■—■ 


2C - 2 X 4.8 = 9.6 

7H - 7 X 17.1 - 119.7 
N - »■« 

C,H»NHj [P] = 141.8 


■ . i« • iMO j. (11 a fairly Kood check. Only single 

The observed value' is 139.9 ± 03, ay J f , ink es must be 

honds are involved in this example. Other types oi nna g 
calculated as follows: 


4C-4X 4.8 - 19.2 
8H - 8 X 17.1 - 136.8 
20 - 2 X 20.0 - 40.0 
Double bond “ 23-2 
Esters — 

(/»] - 216.0 


The experimental values are: 

Methyl propionate... 
Ethyl acetate. 

A few other similar comparisons are: 

Methyl valerate. 

Ethyl butyrate. 

Propyl propionate.... 

Methyl propyl ketone 
Diethyl ketone. 

Methyl butyl ketone. 
Ethyl propyl ketone.. 


215.0 

216.6. 


292.5 

293.7 
295.3 

238.0 

236.8 

276.6 
277.3. 


« E. Swift, Jr. and C. R. Calkins, J. Am. Chcm. Soc., 65, 241o (1943). 
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The effect of structural isomerism is shown by the following examples: 


Ethyl butyrate. 293.7 

Ethyl isobutyrate. 292.9 

Ethyl valerate. 332.1 

Ethyl iso valerate. 331.9 

Propyl butyrate. 333 .8 

Propyl isobutyrate. 332.6. 


Table XIV 

Parachor Correlation ok Mumkord and Phillips 


ATOMIC AND STRUCTURAL CONSTANTS 


CH,. 

.40.0 

O ... 

...20 

Triple bond. 

...38 

C ... 

.9.2 

s.... 

...50 

Double bond.. 

...19 

H« .. 

.15.4 

Sc... 

...63 

Single bond (duplet); scmi- 






polar double l>ond. 

... 0 

F ... 

.25.5 

B ... 

...21.5 



Cl... 

.55 

Si... 

...31 

Singlet linkage. 

..-9.5 

Br .. 

.69 

Be .. 

...42 



I.... 

.90 

Al... 

...55 





Cr .. 

...58 

3-mcmbcrcd ring. 

...12.5 

N... 

.17.5 

Tl... 

...62 

4-mcmbered ring. 

... 6 

P . 

. .40.5 

Sn .. 

.. .64.5 

5-mcmhcrcd rinc,... 

... 3 

As .. 

.54 

Hg.. 

...69 

6 -mcmbcrcd ring. 

... 0.8 

Sb .. 

.68 

Bi... 

...80 

7-mcmbcred ring. 

..-4 


STRAIN CONSTANTS* 


+3 

0 

-3 

-0 

-0 

Carbonyl in ring 

RCHjR 

ItCHX* 

RCXj 

CX< 

RCH,X 

RtCHX 

RjCX 

R 4 C 


RCHO 

RaCHR 

RjCR 

CC1, 


RCOR 

RCOOII 

C1COC1 




RCOOR 

=C(COOEt), 




RCOC1 

RCONHj 

ROCOOR 

RSO,Cl 




ItOCOCl 

RSOjR 

roso 2 r 




RSOOR 

ItOSOOR 

roso 2 or 





RjN 



RNH, 

R*NH 




NOR 

NOOR 

NO»R 

NOjOR 

PX, 




N,0 

r 3 p 




Azides 

PO(OR), 



RjSeO 

RSeOOH 




a Value of hydrogen in combination with other elements: 


C.15.4 S.15.4 Cl.12.8 

N.12.5 O.10.0 Br.16.4 

6 R = hydrocarbon radical; X = negative group, Cl, CN, COOR, OR, etc.; for 
X = Br, multiply strain constant by 1.5. 
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It will be noted that the, 

structure. This effect wasnegated. However, 

mental error m Sugden s w accuracy of determinations of surface 

in view of the ^ 3 ^ Q0W justificd . The corn- 

tension, more exact methods of phjl|i „ and Gibling* 8 analyze 

prehensive studies of Mumford and sets of funda . 

these recent values o P arac , ives the best available system. It 
mental values. G.bling prob^K achor of the CH , group as 

•srjitz 

B. MUMFORD AND PHILLIPS . 

As h., been noted, 

was essentially independent & is posiU and phillips 4T large ly 

make an arbitrary coriectio r *heir hydrogen values 

T “ »“ IchL hydro- 

z sstr **—» 

SU S*S^r.he ^'eho, o. ethyl CH.CHOHCOOC.H., is 

calculated as follows: 


5 C 


- 5 X 9.2 - 46.0 


9 H—(O = 9 X 15.4 - 138.« 


3 g- (0> : 3 X 20.0 
Double bond 
Strain RCOOR 
Strain RjCHX 


10.0 

60.0 

19.0 

-3.0 

-3.0 


\P) - 267.6 

The experimental value is 268.5, a fairly good check. . , , , 

The parachor for th e CH, grou p is much better represented by Mumford 
and Phillips’ value of 40.0 than by Sugden’s 39.0. The principal reason 
for the lower value for the CH, increment in Sugden’s investigations appears 
to be connected with his consideration of homologous senes of groups of 
isomers rather than a separate consideration of the individual homologous 

.7 s. A. Mumford and J. W. C. Phillips, J. Chem. Soc., 1928, 155; 1929, 2112; fler., 

B “T.W.ot J. Chem. Soc., 1941,299; 1942, 661; 1943, 146; 1944, 380; 1945,236. 

4 « This form of the table has already been presented. See R. Herzog, Ind. tng. 
Chem., 36, 997 (1944). 
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series. At the time this procedure appeared to be valid since it was con¬ 
sistent with the basic assumption of complete additivity and the experi¬ 
mental data on hand showed only trivial differences between the isomers. 
Later research has shown that the CII 2 increment is somewhat larger than 
39.0 when the homologous series are considered independently. 

c. gibling 

Gibling’s system 48 illustrates two radical departures from the schemes 
outlined above. The first is the abandonment of the concept of the uni¬ 
form size of the CH 2 increment. The second is the substitution of group 
values for the system of atomic and linkage equivalents. Since Gibling is 
convinced that there is a regular progressive increase in the parachor value 
corresponding to the CH 2 increment as the number of carbon atoms in a 
homologous series is increased, he believes that all parachors should be cor¬ 
rected to standard values (S.V.) or reduced parachors (R.P.) by subtract¬ 
ing a correction term, the expansion correction (E.C.). When corrected 
in this way the parachors of the paraffin series are said to be exactly linear 
within the experimental error from n = 2 to 60. These relations may be 
expressed by: 

[P] = S.V. (1.0004165)" (100) 

S.V. = 55.2 + 39.8(n - 2) (101) 

E.C. = [P] - S.V. (102) 

This expansion term correction is said to be a unique function of the para¬ 
chor only. It is most easily obtained by interpolation in a table for the 
paraffins. The second difference from Sugden’s plan destroys the beauti¬ 
ful simplicity of the original parachor while compensating for many of its 
shortcomings. The atomic and structural equivalents of most of the other 
authors are replaced by group values where the value of the parachor con¬ 
tribution from the carbon atom differs according to its location in the 
molecule. A few of these group values are shown below. All are in terms 
of the S.V. not the parachor. The symbols enclosed in parentheses show 
the neighboring atoms to the group, but are not part of the group itself. 


CH,—(C) 

55.2 

CH*=(C) 

49.7 

(C)—CHj—(C) 

39.8 



(Ck 

>OH -(C) 

22.2 

(C)—CH=(C) 

34.3 

(C Y 




(c ) V / (C) 

(CK Nc> 

2.4 

(Ck 

>C=(C) 

(CK 

16.7 



,x. SURFACE AND .NTERFACIAL TENSION: FARACHOR 

(C)—CH*—(O) 39.4 (C)— o— (C) 21.5 

(C) V;H-(0) 21.4 H-CO-(C) 67.3 

(C Y 


X 


(O—CO— (C) 50.9 


In addition to these he introduces correction terms for long chains and 


certain spatial configurations. 



Fig 29.—Parachor comparison for n-paraffins. Add 40 times the number of carbon 
atoms to ordinate to obtain the parachor. Experimental values are those of Vogel O , 
Mumford and Phillips (■), Quayle el al. (•), Wibaut_ef of. (▼), Lek (A), and Sugden (D) 
Lines and curve correspond to methods of calculation. 


It is to be regretted that Gibling did not have available the new measure¬ 
ments of Vogel 12 and Quayle, Day, and Brown on the normal paraffins 
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when he established the basic constants for his standard values. A compar¬ 
ison of these experimental measurements and some of the suggested para- 
chor calculation schemes are shown in figure 29. For convenience the 
CH 2 increment was taken equal to 40; actual paraehors may be obtained 
by adding the ordinate to 40 times the abscissa. Gilding’s calculated 
parachor values are certainly too low in the butane to octane range, and it 
is difficult to determine whether there is actually an increase in the CIT 2 
increment below hexadecane. Sugden’s calculated values are much too 
low above butane. In view of the shaky foundation of most of the correla¬ 
tions none of them can be wholeheartedly recommended to the reader, al¬ 
though Gilding's work probably represents the best that is available today. 
It is not complete, however, since not all the linkages considered in the 
other systems have been investigated. 

2. Use for Determination of Structure 

The parachor has been used to decide between several possible struc¬ 
tural formulas of an organic compound. Sugden’s parachor value for six- 
membered rings was determined largely from data on cyclohexane deriva¬ 
tives. Using this value, the calculated values for aromatic compounds 
are in excellent agreement with the concept that the benzene ring con¬ 
tains three double bonds, as shown below for benzene itself: 


6C-6X 4.8 = 28.8 
6H - 6 X 17.1 - 102.6 
6-Membered ring = 6.1 

3 double bonds - 3 X 23.2 - 69.6 
C*H, IP) - 207.1 

Experimental value = 206.2 


Sugden’s pioneer investigations into the use of the parachor for establish¬ 
ing the structure of organic molecules are excellently summarized in his 
book. 38 Obviously the parachor (in Sugden’s system) cannot be used to 
distinguish between isomers which differ only by the position of a group or 
linkage in the molecule. This has already been noted for isomeric esters. 
If, however, the difference in structure involves rings, or double or triple 
bonds, the parachor may be usefully employed. 

Two alternative structures for benzil may be taken as an example: 

C,H 6 —C—C-C.H s C*H*—C=C—C*H* 

b b u 

I II 

The observed parachor is 480.8. For the diketone structure (I) the cal¬ 
culated parachor is 476.0, and for the peroxide structure (II) 464.4. (The 
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values by the Mumford and Phillips system are 476 4 , and , ftone'structure 
fcrent) The parachor evidence thus suggests that the d.ketone structure 

is more probable, and this is confirmed by x-ray measurements on the 

^Sugden and his associates have applied these methods to a wide variety of 
chemical structures. It should be emphasized that parachor evidence for 
a structure can only be confirmatory and never positive, in the sense that 

electron diffraction and chemical reaction studies are. 

It is precisely on this point that the various systems for calculating the 
parachor fail, since the use of a somewhat different set of fundamental 
atomic and structural constants may reverse the decision as to the most 
probable structure for a given compound. 

Samuel 51 gives excellent examples of such comparisons in a comprehen¬ 
sive review of the whole problem. The determination of the structure 
of the azide group by means of the parachor is frequently given as an ex¬ 
ample of the success of the method. The various possible structures and 
the corresponding parachors calculated from values suggested by Sugden 
and by Samuel (figures in italics) are: 

/ N 

—N<^ || —N=N=N —N^N=N 

82-5 


—N=Ni^N 


77-4 

84-6 


107-3 
77-S 


82-3 


• • 


Since the mean experimental parachor value of the azide group is 77.2, 
Sugden ascribed a ring structure to the group, while Samuel’s values indi¬ 
cate an open-chain structure. Pauling and Brockway 52 have shown from 
electron diffraction measurements that methyl azide has an open chain, 
so that Sugden’s parachor calculation supports the wrong structure. 

Additional deviations of a very curious nature are observed when or¬ 
ganic radicals are united to metals. This has been discussed at length 
by Mann and Ptirdie 53 who list the parachors of many palladium coordina¬ 
tion complexes with aliphatic tertiary phosphines and arsines, and with 
aliphatic sulfides. The calculated parachor of the metal based on Sug¬ 
den’s system was found to decrease to negative values as the homologous 
series (I^SVPdCh was ascended. Similar anomalies have been noted by 
these authors for other palladium compounds and for mercury derivatives 
of the aliphatic mercaptans, and by Anderson 54 for metallic carbonyls. 


50 I. E. Knaggs and K. Lonsdale, Nature, 143, 1023 (1939). 

51 R. Samuel, /. Chem. Phys., 12, 167 (1944). 

62 L. Pauling and L. B. Brockway, J. Am. Chem. Soc., 59, 13 (1937). 

63 F. G. Mann and D. Purdie, J. Chem. Soc., 1935, 1549. 

64 J. S. Anderson, J. Chem. Soc., 1936, 1283. 
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Similar considerations of other compounds show that the parachor 
should be used with great discrimination for distinguishing between dif¬ 
ferent possible structures of a molecule. 61 However, within the limits of 
accuracy of the schemes mentioned above, the calculation of parachors 
has provided a convenient starting place for the prediction of physical 
properties. Meissner and Redding 66 have used with considerable success 
Sugden’s parachors and normal boiling points for the estimation of 
critical properties. A similar and more extensive study by Herzog 66 uses 
the parachor calculation methods of Mumford and Phillips. These meth¬ 
ods are summarized in chapter V. 

The parachor may be used to predict the surface tension of mixtures. 
The rule of Hammick and Andrew 67 - 68 that the parachor of a mixture of 
several components can be obtained by assuming that the parachors are 
additive on a mole fraction basis, has been shown to be satisfactory if the 
compounds are not associated. The surface tension may be computed 
from the parachor of the mixture, P m = M m y l/t /(D - d), if M m is taken 
as the molal average molecular weight. The rule is more often used to 
determine the parachor of a solute from the parachor of the solution. 
Even when the calculated value of the parachor is not found to be the same 
for all concentrations, the values usually vary smoothly with the mole 
fractions and can be extrapolated to the pure component. 

Katz and coworkers 69,60 have shown that the surface tension of three bi¬ 
nary mixtures at temperatures up to 90° C., and pressures up to 100 
atmospheres can be predicted within the experimental error by the for¬ 
mula: 

„* - V. 1 (£ .. - £ v.) + [ftl (£ » - £ „.) (103) 

where y, D, d, and M have the same meaning as above, x is the mole frac¬ 
tion of the constituent in liquid phase, y is the mole fraction of the con¬ 
stituent in vapor phase, [P] is the effective parachor of the component, 
and L denotes the liquid, and V the vapor phase. For the methane- 
propane and nitrogen-butane mixtures, the “effective parachors” of the 
constituents are the same as the parachors of the pure compounds, but for 
the nitrogen-heptane system, from 0 to 10 mole per cent nitrogen, the ef- 

44 H. P. Meissner and E. M. Redding, Ind. Eng. Chem ., Ind. Ed., 34, 521 (1942). 

48 R. Herzog, Ind. Eng. Chem., Ind. Ed., 36, 997 (1944). 

47 D. L. Hammick and L. W. Andrew, J. Chem. Soc., 1929, 754. 

48 W. V. Bhagwat and S. O. Shukla, J. Indian Chem. Soc., 21, 179 (1944); 22, 311 
(1945). 

49 C. F. Weinaug and D. L. Katz, Ind. Eng. Chem., Ind. Ed., 35, 239 (1943). 

80 G. J. Reno and D. L. Katz, Ind. Eng. Chem., Ind. Ed., 35, 1091 (1943). 
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fective parachor of nitrogen is only 41 as compared with 60, the value for 

^The'SSor has been found by Waterman and Leendertse" to be of 
value in supplementing the usual techniques for hydrocarbon type^analy¬ 
sis They were able to estimate the number of rings and the amount of 
branching for a number of polymeric hydrocarbon products^ Sugdens 
values for the parachor constants led to impossible results, such as a nega¬ 
tive number of rings for a paraffin wax of high molecular weight, and the 
methods of Mumford and Phillips had to be applied. They emphasize 
that the parachor is not independent of atomic linkages, as postulated by 
Sugden, and that some compensation must be made for the blanching o 

the products. The usual specific refraction -molecular-weight method for- 

determining the number of rings is essentially independent of the amount 
of branching while their parachor method is not. 1 he difference in the 
number of rings by the two methods is thus ascribed to the amount oi 
branching in the saturated part of the molecule. 


3. Conclusions 

The parachor is a useful additive function but not a reliable tool for 
deciding between different possible structures. For a critical analysis 
of its theoretical background the excellent review by Reilly and Rae 02 is 
recommended. The book by Sugden 63 is by now of more interest for its 
historical value than for its discussions of the use of the parachor for deter¬ 
mining structure. Probably the best analysis of the structural and atomic 
constants is that of Gibling, 18 referred to above. 

H. I. Waterman and J. J. LccndcrUc, J. Inst. Petroleum Teeh., 34, 16 (1938). 
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I. INTRODUCTION 

The behavior of monomolccular layers, usually designated as monolay¬ 
ers, of organic substances upon an aqueous subphase can be investigated 
by means of a film balance. 1 Since many organic molecules stand upright 
upon the surface in their most tightly packed (condensed) monolayers, 
it is often possible by a few minutes’ work with an extremely simple appara¬ 
tus to obtain a moderately good knowledge of the length of the molecule. 
This is found by dividing the volume of the liquid or solid put on the sur¬ 
face of the water by the smallest area to which the monolayer can be com¬ 
pressed without collapse. If, from its method of preparation, it is consid¬ 
ered that the molecule is linear, and if its elementary composition is known, 
the length of the molecule gives an idea of its approximate molecular weight. 
For example, in a laboratory of the rubber industry, it was desired to ob¬ 
tain some knowledge of the molecular weight of one of the compounds 
used. By 15 minutes’ work on the film balance, after this had been set up, 
a molecular weight of about 700 was reported, while many weeks later the 
organic laboratory found the value to be 670. 

If the molecular weight is known, the molecular area can be determined. 
From the length and area of the molecules, and the surface potential of the 
film, it is sometimes possible to decide between two or more probable struc¬ 
tures proposed by organic chemists. For example, both x-ray investiga¬ 
tions and measurements of monolayers have been utilized in determining 
the structure of the sterols and certain hormones. A few special cases 
are cited later (pages 455-459). If the greatest thickness to which a 
monolayer can be compressed is about 4.5 A., the organic molecules lie 
flat on the surface, 2 since this is about the diameter of the (ellipsoidal) 
hydrocarbon chain. Protein films are in general thicker than this, even at 
low film pressures, but are sufficiently thin to indicate that the molecules 
lie flat on the surface. 

While this chapter describes apparatus which is designed to give high 
accuracy in the investigation of monolayers of oil on water, moderately 
good accuracy may be attained when devices of the utmost simplicity are 
used, provided the precautions described here are taken whenever possible. 
Thus the vertical film balance described on page 434 is extremely simple, 
since it may consist merely of a cheap pulp balance, a wire, and a micro¬ 
scope slide. In addition to this, all that is needed is a meter rule, a rec¬ 
tangular Pyrex dish with a level edge, a few barriers of glass, metal, or 
paraffined paper, and a pipette to measure the solution of the oil. Devaux 1 

1 H. Devaux, Proc.-verb. Soc. Phys. Nat. Bordeaux, Nov. 19, Dec. 3 (1903); Jan. 7, 
Apr. 14 (1904); Mar. 28(1912). J. phys., 3, 450 (1904); 2, 699, 891 (1912). Ann. 
Rept. Smithsonian Inst., 1913, 261. 

1 W. D. Harkins, E. F. Carman, and H. E. Ries, J. Chem. Phys., 3, 692 (1935). 
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states’ “Films of oil tell us with the greatest nicety of the discontinuity of 
matter, and the dimensions of molecules. They also give us valuable in¬ 
formation as to the field of molecular action. For our observations we will 
find that there is no need of complicated apparatus; basins, paper, threads 
of glass, a pipette, a sieve with some talc powder, and finally some oil and 
henzol suffice for the greater part of the experiments. As to measuring 
instruments, a double decimeter will do, although its divisions be a million 
times greater than the diameter of the molecules. Though it seems like 
measuring microbes with a surveyor’s chain, we will see that the measures 
... can be made with great precision, because of a very remarkable pecu¬ 
liarity of films of the thickness of one molecule.” 

II. GENERAL CONSIDERATIONS 

The most valuable apparatus used for the investigation of the properties 
of monolayers is the film balance. Actually this designation may be ap¬ 
plied to any apparatus which determines the difference between the surface 



21 25 43 47 600 2300 

AREA PER MOLECULE. A . 2 

Fig. 1.—General phase diagram for a monolayer below its critical 
temperature for the formation of a liquid expanded ( L t ) film. 

tension ( 70 ) of the clean surface of the subphase and that of the surface 
when covered by a film ( 7 /)- The film pressure (ir) is defined as this differ¬ 
ence, or 

* = 7o — 7/ (!) 

The use of this equation is not restricted to aqueous subphases. If the 
subphase is a solid, it is customary in this laboratory to write it as follows: 

7T = 7s - 7/ (2) 

The justification for the designation of the difference between two sur- 
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face tensions as a pressure lies in the close correlation which is thus ob¬ 
tained between the behavior of two- and three-dimensional systems. For 
example, at high-molecular areas, monolayers on water obey the gas law: 

ra = kT (3) 

in which a is the area per molecule and k is the same (Boltzmann) constant 
as that for a three-dimensional gas (k = 1.371 X 10 ” 18 erg deg. -1 ). Re¬ 
cently, Jura and Harkins found this equation is valid for monolayers of 
nitrogen or of water on titanium dioxide (anatase) or of n-heptane on cer- 



20 22 24 26 

AREA PER MOLECULE. A . 2 


Fig. 2.—Relations in the liquid condensed (L t ) or (ED) 
region of figure 1. Monolayers of the various acids. 

tain metals, etc. Not only is this true, but in addition the two-dimensional 
x — a and x — a — T diagrams resemble very closely those for three- 
dimensional systems. 
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Before the film balance is described, it is well to consider the types 
, c w K,vh ma v he revealed by its use in the determination of the pres 
P t-area relationships. 3 The usual phase diagram is given in figure 1. 
Ash- been stated, the menol.yer i. . perfect gu « 

its2sss stp. 

all this region, L.G, the monolayer is heterogeneous, as can be shown by 

variations in the surface potential as indicated by an ' ^ S 7 nc ‘ c the 
moved to different positions above the surface (pages 438,452). Since the 
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3.—Intermediate (Li) and liquid expanded ( L,) regions 
of figure 1 for pcntadccylic acid. 


pressure remains constant while the molecular area is varied, condensation 
of the monolayer from the gaseous to the liquid state is a change of the first 
order, just as it is in three dimensions. During a reduction in area from 
45 to 30.5 A. 2 , there is no change of phase. This phase, BC, which is co¬ 
herent, like a liquid, was discovered by Labrouste 4 and was designated by 
Adam 5 as the liquid expanded (L e ) phase. It is characterized by a tt — a 
curve which is like that for a gas in that it has nearly the form of an equi- 

a W. D. Harkins and L. E. Copeland, J. Chem. Phys., 10,276 (1942). 

4 H. Labrouste, Ann. phys., 14, 164 (1920). 

• N. K. Adam, Proc. Roy. Soc. London, 101, 452 (1922). N. K. Adam and G. Jessop, 
ibid.. 112, 362 (1926). 
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lateral hyperbola, but differs from a gas in that the axes are at an area 
considerably above a zero molecular area and below a zero film pressure. 

At C, this phase transforms into what has been designated by the writer 
as the intermediate liquid phase, L it by a transition of the second order, 
i. e.y without a latent heat. The intermediate phase is characterized by an 
extremely high compressibility, and a large heat of expansion, especially 
near point C. Near D, however, the compressibility and the heat of ex¬ 
pansion decrease rapidly, so that both these become small in the liquid 
condensed, L e phase, ED (Fig. 2). The most condensed phase, EF, is com¬ 
monly considered as a two-dimensional solid; but since it does not always 
exhibit all the characteristics of a three-dimensional solid, it is designated in 
figure 1 as the £ phase. This, in certain cases, as with normal long-chain 
alcohols may be an LS phase, which exhibits the low compressibility of a 
solid film and the high fluidity of a liquid film. If the S or solid phase 
melts, no heat is absorbed, so this is also a transition of the second order. 
The effect of temperature is exhibited in figure 3. 



Fig. 4.—Phase diagram for a temperature (25° C.) above the critical temperature 
for the formation of a liquid expanded (L,) 61m. The transition gaseous to intermediate 
61m is second order for ethyl palmitate and margarate. The myristate and penta- 
decylate exhibit collapse. 

The vaporization of a solid, condensed liquid, or expanded film is a transforma¬ 
tion of the first order—that is, there is a discontinuity in the area of the film with 
respect to pressure, and there is also a latent heat of vaporization. All the other 
ordinary phase changes in monolayers are second-order transformations—that is, 
there is no discontinuity in the area and no latent heat of change, but there are dis¬ 
continuities in the heat capacity and in the compressibility. In a third-order 
change, there arc none of the above discontinuities, but there is a discontinuity in 
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the derivative of the specific heat with respect to temperature The system of 
Cla ^Dt^recently it^ouhThTve beerfstatedUiat aTl tractions between liquid phases^ 

transitions in two-dimensional systems are. 

LS ^ L e , first, or at higher temperatures second, order 

LS ^ S, second order 
S ^ L e , second order 
L e ^ L t , third order 
L t ^ L e , second order 
L t ^ G, second order 
L, ^ G, first order 

The LS phase is highly condensed and has the compressibility of the S phase, but 
Jxhiits an extremely great variation in viscosity, which may be lower Vw . hat of 
the liquid condensed film from which it is formed. Harkins and Jura neratty d» 
covered two distinct condensed phases of nitrogen and also of water on the surfaces 
of high melting solids; a gaseous phase is found at low pressures. 

Figure 1 (page 429) represents films which are below the critical tempera¬ 
ture for the transition between gaseous, G, and liquid expanded, L,, mono- 
layers. In the same range of temperatures, certain esters, of the same 
general order of chain length, are above this temperature, 8 as shown in 
figure 4. These exhibit vaporization of the intermediate liquid, L„ without 
a latent heat of vaporization , to form, by a second-order transition, a highly 
compressed vapor film. 

III. FILM BALANCE 
1. Original Apparatus 


The first film balance was devised by Pockcls 9 in 1891. She used a long, 
rectangular trough filled w ith water to the brim. The surface of the water 
was made clean by “sweeping” or “scraping” with a barrier which consisted 
of a transverse sheet of metal 1.5cm. wide resting on the edges of the trough. 
In the earliest work the surface tension of both the clean and the film- 
covered water was obtained by determining, by means of an ordinary bal¬ 
ance, the force necessary to pull from the surface either a small disk (6 mm. 
in diameter) or a large ring (114 mm. in circumference). 

The measurements of film pressure may be made more exact if the dif- 

8 P. Ehrenfest, Proc. Acad. Sci. Amsterdam, 36, 153 (1933). 

7 W. D. Harkins and G. Jura, J. Chem. Phys., 11,430 (1943). 

8 W. D. Harkins and E. Boyd, J. Phys. Chem., 45, 21, 38 (1941). 

9 Agnes Pockels, Nature, 43, 437 (1890); 48, 152 (1893). 
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ference between the two surface tensions is determined directly, as in the 
film balance of Lord Rayleigh , 10 which makes use of the Wilhelmy 11 slide. 
This apparatus gave excellent results, since, with a monolayer of stearic 
acid the area at which the film pressure began to rise rapidly corresponded 
to 22.1 A. 2 at 15° C., while the most recent value, as determined in this 
laboratory, is about 21 A.*, when a minute amount of calcium ion is present 
in neutral water, presumably the kind of water used for this early work. 

2. Vertical Film Balance 

The simplest, most generally applicable, and probably most accurate 
film balance is that in which the surface tension exerts a downward pull 
upon the vertical face of a sheet of glass or other suitable material, as in the 
surface tension method of Wilhelmy." Because of its inherent difficulties, 
this surface tension method is not in use, but these difficulties disappear 
if no attempt is made to determine the surface tension ( 7 ) itself, and the 
principle of the vertical pull on a slide partly immersed in the liquid is 
employed in the development of a balance which measures n directly. 
Such a balance was developed by Dervichian. 1 * However, as later de¬ 
scribed, the values he obtained are not close to those found here. At the 
University of Chicago, Harkins and Myers developed an extremely simple 
form of the film balance that was found by Harkins and Anderson 126 to 
give a high degree of accuracy when used under the best conditions. 

For work of ordinary accuracy, the vertical film balance can be assembled 
and put in use by any chemist in a very short time. Both apparatus and 
technique are extremely simple. The fundamental part of the apparatus 
is a microscope slide, or a large (thinner) rectangular microscope cover of 
glass or quartz, or a sheet of platinum-iridium. This is hung from one 
arm of a balance, as shown in figure 5. The trough should be rectangular 
and may be made of brass or stainless steel, or it may consist of a large, 
rectangular, Pyrex glass dish, in which case it may be necessary to grind 
the edges to make them more level. Both the edges of the trough and the 
barriers are paraffined with paraffin free from polar groups. The surface 
of the water is swept several times; then the clean slide is lowered into it, 
after which it is swept still more by barriers put nearly in contact with the 
slide on both sides. If the film is insoluble, it is then spread on the surface, 
and the film pressure, it, is given directly by the deflection of a beam of 
light as read on a scale at a distance of several meters. 

The vertical film balance exhibits the following advantages over the 
horizontal type commonly used: 

10 Lord Rayleigh, Phil. Mag., 5, 48 (1899). 

" L. Wilhelmy, Ann. Physik, 119, 177 (1863). 

,>a D. J. Dervichian, J. phys. radium, 221, 427, 429 (1935). 

116 W. D. Harkins and T. F. Anderson, J. Am. Chem. Soc., 59, 2189 (1937). 
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the horizontal types involves the very elaborate movable partition of the PLAWM 

trough of McBain. . , . _ n 

It is easy to give the method a very high sensitivity, since all that is re¬ 
quired is to make the slide or slides very thin. With wide sheets of glass 
, t i.i.i,„ m of miernseone cover glasses, surface pressures as low as 



— -O'- < • 

0.003 dyne per cm. may be measured. With thinner sheets, 0.001 dyne 
per cm. or even less could be detected. This should make feasible deter¬ 
mining the molecular weights of certain film-forming substances by the use 
of the two-dimensional gas law. 

* Named after Pockcls, Langmuir, 4dam, Wilson, and McBain. 
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If the slide or sheet is w cm. wide and t cm. thick, the j>eriincU*r, p, is 2 (w + 0 and 
the downward pull of the surface tension is 2(u> 4- t)y or py. Let W he the appar¬ 
ent weight in grams of the slide partly immersed in water. If the surface tension is 
reduced by the spreading of a film the slide rises, but if W is kept constant the de¬ 
crease in the downward pull, F of the surface tension must be compensated for 
by a decrease in the buoyancy, F UI of the submerged portion of the slide, or: 

A F 4 = A F u (4) 

pAy = gptw Ah (5) 

where^is the acceleration of gravity, and Ah is the change in height of the slide meas¬ 
ured by the use of a cathetomcter. In practice it is much simpler to mount a gal¬ 
vanometer mirror with its center in the axis of rotation of the beam, and to observe 
the deflection of the beam by a telescope and illuminated scale, or to use a beam of 
light and observe its deflection on a scale. For a segment of a circular scale, Ah, is 
proportional to AS, the change in the scale reading, or: 

— p Ay = k AS (6) 

where the value of the constant, k, is determined by observing the values of AS as¬ 
sociated with different weights on the balance pan with the slide immersed in water 
which has a clean surface. Then we have the relation: 

k = —y AM / AS (7) 

where AM represents added weights on the balance pan. Thus, the reduction in 
the surface tension, -Ay, which is the film pressure tt, caused by spreading and 
compressing the film, is: 

ir = — Ay = k AS/p (8) 

In the determination of the film pressure of a soluble substance, the 
trough is filled with pure water, the surface is swept, and the scale reading 
on the beam of light is set to zero. Then either of two procedures may be 
followed: (1) The solute is added and the solution stirred until the concen¬ 
tration is uniform throughout; the surface is swept again, and the scale 
reading, taken when equilibrium is attained, gives the film pressure. (2) 
The pure water is removed from the trough, and replaced by exactly the 
same volume of solution; the equilibrium scale reading gives the film 
pressure, as in (7). Surface-active solutes are often present at such great 
dilutions that no corrections for differences of density are needed, but with 
more concentrated solutions such corrections should be applied. 

In a second type of vertical film balance a slide, hung from one end of the 
balance beam, is suspended in clean water, and another slide, from the other 
end of the beam, is suspended in the solution. 

It is extremely simple to convert the vertical film balance into a record¬ 
ing form, as was accomplished by Dervichian, 1201 13 who used a light beam 
to record the pressure on a rotating cylinder covered by photographic 
paper, which also recorded the motion of the barrier which compressed the 

“ D. G. Dcrvichian, J. Chem. Phys., 7, 932 (1939). 
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neriods; it is described in the following section: 

the broken curve of figure 6, when the subphase contained 1 X 10 



Fig. 6.—Penetration of a monolayer of cetyl alcohol by sodium cetyl sulfate. The 
numbers on the curves, as 3 X 10“» on the top curve, represent the concentration o 
the detergent in moles per liter. The area per molecule is that of the alcohol. l i»e 
broken line represents the work of Schulman at 10“» molar concentration of sodium 


cetyl sulfate. 


cetyl sulfate, while our data obtained at equilibrium are represented by the extremely 
different middle curve. From the irregularities in the curve, Schulman developed 
the idea that compounds are formed with either one or three molecules of sodium 
cetyl sulfate to one of the alcohol. However, our curves show no such irregularities. 

Since the attainment of equilibrium had been found to be extremely slow for some 


14 W. D. Harkins, S. Gordon, and L. E. Copeland, Publ. No. 21, A. A. A. S., Washing¬ 


ton, D. C., p. 79. 

i» J. H. Schulman and E. K. Rideal, Biochem. J., 27, 1581 (1933); Proc. Roy. Loc. 
London, B122, 29, 47 (1937); J. H. Schulman and A. H. Hughes, Biochem. J ., 29, 1236 
1243 (1935). 
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of the points, a motion picture camera was operated by a clock to give an exposure 
every five minutes overnight, and to photograph, with this interval, a line of light 
on the long scale of the apparatus. This gave each film pressure with a good degree 
of accuracy. It is obvious that much shorter time intervals can be employed for 
changes which have a faster rate, but in this special case 120 points for a 10-hour 
interval were sufficient to define the curve. 

This method appears to give more accurate values than that of Dcrvichian, prol>- 
ably because: (/) the scale that is photographed is about 10 ft. from the balance, 
and (2) the motion picture film gives directly the position of the beam of light on 
the static scale, whereas Dervichian’s method makes use of a rotating cylinder at a 
relatively short distance. However, the latter method gives a continuous record; 
the method used in this laboratory merely records readings as frequently as is 
desired. 

3. Horizontal Float Balance 

Langmuir 16 used a horizontal floating barrier or float of thin paraffined 
paper with the film in front of the float and a clean water surface back of it 



in order to determine the difference between the two surface tensions, 
7o and y f . This float pressed on two nearly vertical rods attached to an 
ordinary balance. The film was kept from flowing around the ends of the 
float by two jets of air which, together with the insensitivity of the balance 
when arranged in this way, prevent this from being an accurate instrument. 
It is therefore no longer in use. 

Adam adopted the floating barrier, or “float,” but used very thin strips of 

“ I. Langmuir. J. Am. Chem. Soc., 39, 1848 (1917). 
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Id or platinum, set edgewise in the surface, to join the ends of the float to 
the walls of the trough and thus prevent the film from spreading over the 

^Thi^gcneral type of apparatus was developed in this laboratory by Har¬ 
kins and Freud 17 and is shown in figure 7 as modified by Harkins and 
Fischer. 18 This apparatus is controlled entirely from outside an air thermo¬ 
stat In figure 7, S is the trough, F the float, B the barrier, and U a screw 
of l-rnm. pitch for measuring the change of area. The graduated circle 
and vernier G, for measuring the amount of rotation of the end of the tor¬ 
sion wire, is turned by rod It. On the newer models, G is outside the end of 
the thermostat. C is the calomel electrode, and E is the polonium-silver 
electrode used to determine the surface potential. It may be moved to 
any position over the film by rod R' which, by pushing and pulling, moves 
along tube, D, and, by turning a pinion, moves the support of the electrode 




transversely to different positions along scale S'. L is a grounded box (of 
metal) which contains the Compton electrometer. The air thermostat 
around the apparatus is constructed of metal, and its glass window is cov¬ 
ered with wire gauze which, together with the metal of the thermostat, is 
grounded. F' is used to raise or lower electrode E. 

The horizontal type of torsion film balance, as designed by Harkins and 
Richard Kittle, instrument maker of the laboratory, is shown in figure 8. 
This fits the trough and is held to it firmly by a transverse bar underneath 
the trough. The balance beam, which is suspended on the principal torsion 


17 B. B. Freud, Ph.D. thesis, Univ. of Chicago, 1927. 

>« W. D. Harkins and E. K. Fischer, J. Chem. Phys., 1, 852 (1933). 
19 W. D. Harkins and R. J. Myers, J. Chem. Phys.. 4, 716 (1936). 
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o copS « of platinum-iridium. Just above the center of the upper 
bar of the bala’nce is a mechanism used to lift beam T at all times when ,Us 
no hi direct use. On the left and right are supports, G .which keep the 
Zlt in place when it is not in use. The extremely thin ribbons of gold or 
nlatinum which connect the ends of the float to the side supports are visible 
Tn the figure (C). One end of the principal torsion wire, A, which supports 
The bafance beam is turned by gear N, which is turned by a ^Ighojrnm 
Fig 9) extending outside the operating end of the thermostat. The mir , 
supported on the finer torsion wire K, is attached to the float by quartz 
fiber J. Supports G (Fig. 8) hold the float in place when it is not in use. 
A rod, whose height is adjusted by a screw head, rests against the top of the 
float; and the part of the support below the . 
float is kept in place by means of a spiral spring 
at the top. 

The apparatus of Harkins and Myers, 19 which 
is enclosed in a glass box with a metal bottom 
and surrounded by an air thermostat, is shown 
in figures 9 and 10. A barrier (Fig. 9) is seen in 
place as used for compressing a monolayer to a 
low area. The metal (often glass is used) 
barriers used for sweeping the surface of the 
water are shown on shelves at each end of the 
trough. The controls are placed outside of 
the end of the thermostat shown in figure 10. 

A White double potentiometer (not shown) is 



Fin. 11.—Sweeping 
mechanism. 


used to determine the temperature of the sur¬ 
face of the water and of the air just above it. Single junctions of copper- 
constantan, enclosed in very fine thin glass tubes, are used, one in the 
surface and one just above the surface. The area of the film is the dis¬ 
tance between the tops of the inside longitudinal walls of the trough, when 
measured along the surface of the liquid, multiplied by the distance between 
the barrier and the float, or, with the “vertical” type of balance, between 
the two barriers used to confine the film. The distance between these 
barriers is determined by the number of turns of a steel rod with threads 
of 1 mm. per turn. The number of full turns is read from a counter 
outside the thermostat, which is operated by a lever on the end of the rod. 
The sweeping mechanism consists of one metal yoke (Fig. 11) on each side 
of the trough. Each of these has a depression, D, which fits any one of the 
stainless steel or glass rods, with a square l / 4 -inch cross section, which are 
used as barriers. Turning screw B propels the square rod which rests in 
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slot D, and sweeps the surface of the aqueous phase, while turning rod A 
raises or lowers D (and the rod) by the rack-and-pinion mechanism. The 
two pairs of rods, A and B, are below the level of the trough (Fig. 12), one 
in front of, and one behind, the trough. They are turned by a handle 
outside one end of the thermostat. The pitch of the screw is 1 mm. per 
turn. A plentiful supply of paraffined barriers is kept on rods above each 
end of the trough, and any one of these may be picked up by the pair of 



yokes and either deposited in position for measurement of the length of 
the film, or used for sweeping as many times as is desired. This can all 
be done without opening the thermostat. After the film is spread the 
thermostat may be closed by an insulating window, and it is not necessary 
to see what is going on because all operations may be carried on by con¬ 
trols outside. 

4. Temperature Control 

A large part of the work on surface films, as reviewed in a book such as 
that of Adam, was done without the use of a thermostat; and the writer 
has been told that thermostats are not used for film balances in one of the 
largest English laboratories devoted to a study of surface chemistry. It 
cannot be denied that excellent work on some of the topics of this subject 
may be done in this way; also, direct manual control is used in much good 
work. It is evident, however, that such methods cannot give high accu- 
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which will give the requis.te accuracy for aloft k ^ tug 

take, but many investigations are made worthless * h fo| , owi methods 
or techniques unsuited for the particular purpose, 
of temperature control, or lack of it, have been used: 

m The apparatus and trough arc used without any type of ‘emperature contro 1 
and without an enclosure. This leads to errors due to vaponzat.on at the surface, 

83 ( 2 )'An enclo^ureTs'us^Tbu'^th^is opened to sweep, to move the barriers, and to 

adl (S) Ti'e bottom of the trough is put into contact with the water of a ttiermosUt 
It should be recognized that the temperature of the surface of the water in th 
trough will not be that of the thermostat unless a cover over the trough is used 

13 trough is enclosed in an air thermostat and the latter is kept closed dur¬ 
ing the operations. Even this is far from perfect unless: (a) a trough with a 
hollow bottom is used, with water at the correct temperature flowing Oioutfj> . 
(6) the air around the trough is kept saturated, but not supersaturated, with «ate 


( 5 ) For measurements on the energy relations of films, and in general for the most 
accurate work, the box or chamber which contains the apparatus is completely sub¬ 
merged in the liquid of a large thermostat. Such a thermostat is described below. 


A totally enclosed thermostat constructed by Harkins and Copeland (Fig. 
12) takes into account the fact that it is much more difficult to adjust and 
maintain constant, to a high degree of accuracy, the temperature of the 
surface than of the inside of a body of water, and that the radiation which 
strikes the surface should be of the proper temperature. The inner copper 
box 112 X 66 X 41 cm., which contains the film balance is surrounded on 
all sides by a solution of ethylene glycol, held by a much larger copper box 
insulated on the outside by one inch of hard foam rubber covered by alumi¬ 
num foil. The window in front (not shown) is hollow; through it the solu¬ 
tion from the thermostat is pumped continually in order to keep the tem¬ 
perature the same as that of the main body of liquid. The latter is cooled, 
when desired, by a copper coil through which is passed a solution of ethylene 
glycol chilled by an adjacent refrigerating machine. For higher tempera¬ 
tures, a heated solution of the glycol is pumped through copper coils in the 
thermostat. The apparatus w-as designed for temperatures from -30° 
to +70° C., or slightly higher. At temperatures below zero, the films are 


spread on salt solutions. 

The controls used in the operation of the apparatus are passed through 
copper tubes, which prevent liquid from entering the inner box or chamber. 
The controls are operated by rods which turn, so packing may be used to 
keep the air of the room from entering the box. If the “vertical” film 
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balance is in use, the wire which supports the slide must be left free. The 
trough and film balance arc upheld by three supports resting on a heavy 
steel plate, P, which is supported by four steel legs passing through holes 
in the bottom of the thermostat without contact and resting upon a con¬ 
crete pier below. In order to eliminate vibration the (heavy) thermostat 
does not rest on this pier, but is supported by heavy angle irons which 
stand outside the pier on the concrete floor. Thus the vibrations due to 
stirring the liquid in the thermostat are not transmitted to the trough and 
film balance. In figure 12, Tr is the trough of stainless steel and H is the 
hollow bottom through which water flows from the thermostat. The 
hollow is divided into four sections (not shown). B and B' (details in 
Fig. 11) are used to move the barriers for sweeping (shown in Fig. 9) 
and for picking up and putting in the place the barrier used for com¬ 
pressing the film (as shown in Fig. 9 but not in Fig. 12); 0 are the openings 
for control; T, tubes for the wires of vertical film balances or the torsion 
wires of viscometers; W, copper wall of the thermostat; IW, inner wall; 
R, one-inch, hardened foam rubber, which covers the entire thermostat. 

Since two, or even three, film pressures may need to be determined si¬ 
multaneously, the thermostat is constructed in such a way as to provide for 
the controls for one horizontal and two vertical film balances, and two of 
these are kept ready for use. In determinations of the viscosity of films by 
the slit or the canal method, the difference between the two film pressures 
should be kept constant, and the higher (or lower) pressure should be 
determined independently. 

The air in the inner chamber is kept close to saturation by passing a 
gentle stream of clean air through wash bottles which contain the same 
solution as that in the trough. These are submerged in the liquid of the 
thermostat; and this air is carried into the inner chamber by a tube of 
rubber and glass. The top of the thermostat is completely covered, except 
for the small openings for wires for viscosity determinations, etc., by a 
metal-lined cover of wood, which is covered in turn by one inch of hard foam 
rubber. The walls are insulated by foam rubber of the same thickness. 
A large mercury regulator, which operates a heater by a vacuum-tube 
relay circuit, and efficient stirring keep the thermostat at a temperature 
constant to ±0.001° C. 

5. Spreading the Film and Determination of Area 

The largest errors commonly found in reports of work on the pressure- 
area relations of monolayers are those in the molecular area due to im¬ 
purities in the organic material or to poor technique in spreading the film. 
The technique whereby the substance is placed on the surface to form a 
monorr olecular film varies with the nature of the film. Most oils, if they 
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do not contain too high a proportion of polar groups, may be spread from 
solutions in pentane and hexane mixtures or in benzene. When the polar 
nature of the molecule becomes so high that the substance is not soluble in 
pentane-hexane mixtures, the spreading may be effected from other mixed 
solvents. Mixtures of hydrocarbon and ethyl alcohol, and hydrocarbon 
and chloroform, have been used. A mixture of water and isoamyl alcohol 
has proved suitable for the formation of monomolecular films of proteins. 
Aside from its solvent power for the film-forming substance, the spreading 
liquid should possess a high spreading coefficient and a high volatility. 
Preferably it should be insoluble in the underlying aqueous 
solution upon which the film is spread. ff J8 

The accurate determination of the molecular area involves: ^ n 
(/) weighing the pure solid or liquid to a sufficient percentage J /[ 
accuracy; (2) careful measurement of the total volume of the 
solution; and, most difficult of all, (3) an accurate knowledge of 
the volume of the usually volatile solution put on the surface of / M 
the water. For this purpose a volumetric pipette is found to be * 
suitable, provided the temperature is known accurately. A 
pipette (Fig. 13) devised by the writer has been found to give vjtv 
excellent results because it defines very definitely the volume ^ 

used and also minimizes error due to volatilization of the solu¬ 
tion. The liquid is held at a constant volume by means of two | 
fine capillary tips. By use of rubber bulb H , pipette T is com¬ 
pletely filled from E\ to Ez with the solution of the film-forming »e 2 
substance in a volatile, nonsoluble, organic liquid such as hexane, pig. 13.— 
The ends, E x and Ei, are very fine capillaries; and the solution A pipette 
can be brought exactly to the ends by touching end Ei very for spread- 
light ly and quickly by a small piece of filter paper. ingmono- 

The method of application of the solution to the surface may 
need to be varied for different types of work. For example, in investiga¬ 
tions of the penetration of insoluble monolayers by soluble substances, e. g., 
of films of cetyl alcohol by sodium cetyl sulfate, the procedure is as follows 
when the vertical film balance is used, and is practically the same with the 
horizontal type. The zero of the balance is determined with water in the 
trough. The correct amount of sodium cetyl sulfate is then added and the 
solution is stirred until the concentration is considered to be uniform 


throughout. With the extremely dilute solutions used, this gives a very 
slight change of density. The surface of the solution is then swept rapidly 
several times; and finally a barrier is placed on each of the two sides of 
the slide and close to it. As these barriers are in the process of rapid 
separation from each other, drops of a hexane solution of cetyl alcohol 
are continually caused to fall upon the surface close to each retreating 
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barrier. This gives a much more uniform mixed film than the methods 
usually employed, since the alcohol and hexane have a much higher film 
pressure than the fresh surface of a sodium cetyl sulfate solution. 

Proteins have been spread by various methods. Thus, aqueous solu¬ 
tions and also solutions of proteins in water and isoamyl alcohol have been 



Fig. 14.—Arrangement of ultramicroscope. 


used. Goiter and GrcndcP introduced a method in which a somewhat 
concentrated solution is dropped from the least possible height upon the 
surface of the water, while Ilidcal and others coat a quartz fiber with 
paraffin and then with protein. This is put into contact with the surface 



Fig. 15.—Appearance of a collapsed monolayer of egg 
albumin under the dark-field ultramicroscope. 


of the water and the protein allowed to spread. The loss in weight is de¬ 
termined by a microbalance. 

Whenever there is any doubt as to the monomolecular nature of any 
film, it is examined by a microscope with a dark-field condenser screwed 


10 E. Gorter and F. Grendel. Biochem. Z., 192, 431 (1928). 
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^ptSSlempty, except for dust particles which am easy *^ecog- 
nize . A photograph of a partly collapsed film of egg albumen taken y 

this method is represented by figure 15. J - 

6. Viscosity and Rigidity of Monolayers 

The viscosity of a monolayer is often the property which is the most sen¬ 
sitive of all to a change of phase, and the viscosity and rigidity are among 
the most important properties of biological films and membranes. 


A. CANAL VISCOMETER 

The simplest method for determining the viscosity of a monolayer is to 
allow it to flow through a slit or a canal between two areas. In figure lb, 



A is the float of the film balance, B the barrier with canal, 7 initially a 
clean water surface, 77 the film-covered surface, and III a clean water sur¬ 
face. The difference of pressure between II and 7 is kept constant by mov¬ 
ing barrier D in figure 16a, or B in figure 166. It is obvious that the hori¬ 
zontal or the vertical type of film balance may be used. The pressure of 
film 7 may be kept constant by the use of a piston oil, but it is much better 
to use a movable barrier (not shown) which automatically keeps the pres¬ 
sure, 7r, constant. The barrier is moved by a device actuated by a film 
balance of the vertical type. 

The correct theory of the canal viscometer, as given by Harkins and 
Kirkwood, 23 is expressed by the following in which a is the viscosity co¬ 
efficient of the film, rjo is that of the subphase, a and h are the width and 


« H. Zocher and F. Stiebel, Z. physik. Chem., 147A, 401 (1930). 

21 G. E. Boyd and W. D. Harkins, Ind. Eng. Chem., Anal. Ed., 14, 496 (1942). 

22 VV. D. Harkins and J. G. Kirkwood, J. Chem. Phys., 6, 53, 298 (1938). 
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depth of the rectangular canal, a is the film pressure gradient (f 2 — fi)/l, 
7r = 3.14159, and A is the area flux: 


a 


aa 3 

12.4 


aiu 

TT 



The first term of this equation was developed earlier by Myers and Har¬ 
kins, 24 and shows that the power of the a 4 of the Poiscuille law for three- 
dimensional viscosity is reduced by unity to a 3 when the number of dimen¬ 
sions is reduced by unity. As is self-evident, the second term, which 
represents the effect of the viscosity of the subphase upon the flow of the 
film, contains the first power of the width, a, of the canal. The difficult 
point in the theory was that which gave a most simple result, i. e., that the 
denominator is tt ( = 3.14159). 

A slit may be used instead of a canal, but the theory of its use has not 
been developed correctly. A slit may be defined as a canal of negligible 
depth, k. The use of a slit was introduced by Breslcr, Talmud, and Tal¬ 
mud. 25 It has been shown by Nutting and Harkins 26 that the greatest 
difficulty in this method is that involved in the choice of the materials of the 
walls of the canal or slit, since some materials allow a slip of the film along 
the walls. 


B. TORSION OSCILLATION VISCOMETER 

An easier but much less sensitive method for determining the viscosity 
of a film consists of the use of a horizontal circular ring or disk, which 
merely touches the surface. The ring is supported by a torsion wire hung 
from a support above the film. In figure 17, the trough and this support, 
but not the ring or scale, S, are viewed from above. / and III are the 
clean water surfaces; II is the film-covered surface; and A is the torsion 
pendulum bob supported by phosphor-bronze wire. The ring or disk 
carries a small mirror which focuses a beam of light on a scale of circular 
section. Two air jets which act on a vane, fastened above the ring, set the 
system in vibration. If the pressure on the film is kept constant, the am¬ 
plitude of the oscillation decreases with each successive swing, and the 
logarithm of the amplitude plotted as a function of the number of swings 
gives a straight line whose slope gives a viscosity which is a composite of the 
viscosity of the film and that of the water associated with it. In the clean 
surface of water, the slope of this straight line is smaller. If X is the loga¬ 
rithm of the ratio of successive amplitudes and AX gives the difference in the 

14 It. J. Myers and \V. D. Harkins, Nature, 140, 465 (1937). 

“ S. E. Bresler, B. A. Talmud, and D. L. Talmud, Physik. Z. Sowjelunion, 4, 864 
(1933). 

“ G. C. Nutting and W. D. Harkins, /. Am. Chcm. Soc., 62, 3155 (1940). 
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value of the logarithmic decrement between water and water covered by the 
film,then: 



where / is the moment of inertia of the ring and rigidly attached material, 
P is the period, a is the radius of the ring or disk, and b is that of an outer 
guard ring. It is apparent that the viscosity, v, obtained for the film has 
a value which depends upon a somewhat arbitrary method for making al- 



Fig. 17 a.—Arrangement of torsion 
oscillation viscometer. 



Fig. 17b.—Design of torsion pen¬ 
dulum bob A of figure 17a, sup¬ 
ported by phosphor-bronze wire. 


lowance for the dragging along of the water underneath the film by the 
motion of the film. Nevertheless, the viscosities obtained in this way for 
liquid films exhibit just the logarithmic relation toward increase of pres¬ 
sure predicted by general theories of the liquid state. In other respects, 
tj seems to represent almost perfectly the true viscosity of the film, even 
though it may have a magnitude which is somewhat different from that 
determined by use of a canal. The design of the ring is shown in figure 17b. 

c. TORSION ROTATION VISCOMETER 

Fourt and Harkins 27 have determined the viscosity of films from the 
measurement of the torque required to maintain a uniform rate of rotation 
of the ring or disk described above. The shaft of an electric clock is used 
as the upper suspension; and the twist between the two ends of the torsion 
is measured by two beams of light reflected from mirrors mounted on the 
support of the wire and on the axis of the ring, respectively. These are 
focused on the same scale and give a single line when the shaft is not in ro- 

17 L. Fourt and W. D. Harkins, J. Phys. Chem., 42,897 (1938). 
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tation. The torsion constant, r dynes per radian, may be determined by 
the method of oscillations. The torque may be obtained by timing the 
interval, t, between the passage of the two beams of light past a fixed mark. 
If the viscosity of the film is Newtonian, independent of the rate of shear, 
the equation for viscosity does not include a term for the rate of rotation of 
the ring. If At is the change in the interval produced by the film, the 
viscosity is given by: 



Anomalous viscosity or plasticity gives a dependence upon the rate of 
shear. In later work, the interval of time, At, was measured by a counter 



Fig. 18.—Viscosity-pressure relations of monolayers of the 
normal long-chain paraffin acids: pentadecylic 15, palmitic 16, 
margaric 17, stearic 18, nonadecanoic 19, arachidic 20. 


started when the first beam of light passed a photocell, and stopped when 
the second beam fell upon the counter. The method of the rotating ring 
should be used if the flow of the film is of the plastic type. 

The effects of pressure and variation of chain length upon the viscosity 
of monolayers are exhibited in figure 18. Relations are shown for the nor¬ 
mal long-chain paraffin acids. Up to pressures of 21 to 25 dyne cm.” 1 , the 
monolayers are in the liquid condensed state. On increase of pressure 
above this point, the viscosity rises with extreme rapidity, especially very 
near the second-order transition to the S state. The L c phase exhibits 
Newtonian viscosity, i. e., the viscosity is independent of the rate of shear, 
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while the S phase has a non-Newtonian viscosity. The acids with 16 an 
17 carbon atoms are too close to the liquid expanded state to ha.veenUrey 
normal viscosities in the liquid condensed state. For those with 18, , 

and 20 carbon atoms, the value of A log v is the same between 18 and 19 as 
between 19 and 20 carbon atoms. The most important relations are: 

(1) From the lowest pressures investigated up to 18 dynes per cm. or more the 
logarithm of the surface viscosity is proportional to the film pressure, or 


log <7 = log <tq + kf 


( 12 ) 


for all the acids containing from 16 to 20 carbon atoms. 

(£) The viscosity of the liquid films increases rapidly with the length of the hy- 

(5) The liquid or low-pressure condensed films exhibit a Newtonian viscosity. 
(4) The viscosity of the “plastic” (or high-pressure condensed) films decreases 

with the length of the hydrocarbon chain. . 

(6) Films designated as “plastic” exhibit a non-Nowtonian viscosity, that is, the 

viscosity varies with the rate of shear. 

(6) The film viscosity begins to increase more rapidly than corresponds to equa¬ 
tion (12) at a pressure considerably lower than that of the sharp kink in the film 
pressure-area curve. Also, the rise in viscosity between the low-pressure condensed 
film and the high-pressure condensed film is larger the shorter the hydrocarbon 

chain of the fatty acid. 

It should be noted that the viscosities in the S phase are given only for 
those acids which contain an odd number of carbon atoms in the molecule. 
Those with an even number of carbon atoms form unstable S monolayers, 
though the alcohol films are stable in this phase. 


IV. SURFACE POTENTIAL 


If the surfaces of two metals are separated slightly by a gas, and if the 
gas is sufficiently ionized, a potential known as the contact potential, F, 
is developed between the surfaces. This can be measured by the use of an 
electrometer of small capacity. This and other methods for the determina¬ 
tion of contact potential were developed by I/>rd Kelvin. 29 If one of the 
metals is replaced by water, made electrically conducting by an electro¬ 
lyte, a potential is still found. If a monolayer is allow'ed to flow under the 
electrode, this difference of potential is changed by an amount which may 
vary from a few millivolts to a volt. This change is designated as the sur¬ 
face potential (AF) of the monolayer. 

“ E. Boyd and W. D. Harkins, J. Am. Chem. Soc., 61, 1188 (1939). 

” Sir Wm. Thomson, Lord Kelvin, Contact Electricity of Metals. Vol. VI, Mathe¬ 
matical and Physical Papers, Cambridge Univ. Press, London, 1911, pp. 110-145. See 
also Righi, J. phys. radium, 7, 153 (1888). 
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The first measurements of surface potential were made in 1883 by Bichat 
and Blondlot, 30 and later by other workers. 81 The method used by Ken- 
rick 31 was to allow the reference liquid to flow down over the inner wall of a 
moderately large glass tube placed with its axis vertical, and to allow the 
second liquid to flow from a fine glass tip in a narrow jet down this axis. 
The two solutions were connected through calomel electrodes to a quad¬ 
rant electrometer. It is claimed by both Kenrick and Frumkin 31 that this 
method gives satisfactory results for aqueous solutions of inorganic elec¬ 
trolytes and for not too dilute solutions of derivatives of the hydrocarbons. 
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Fig. 19.—Nonhomogeneity of a monolayer of myristic acid. 1 * 


The errors inherent in the method of the “dropping electrode” are discussed 
by Williams and Vigfusson. 32 

Unfortunately, the values of the surface potentials as determined for 
similar systems by different observers did not exhibit a good agreement. 
In an attempt to obtain better values, Guyot and Frumkin independently 33 
developed a method in which the potential is determined between a metal 
coated with a radioactive substance, such as polonium, and a solution. 
The method of Guyot and Frumkin was used by Frumkin and Williams 34 
and by Schulman and Rideal. 36 The development of this method did not, 

10 Bichat and Blondlot, J. phys. radium, 11 , 548 (1883). 

31 F. B. Kenrick, Z. physik. Chem., 19, 625 (1896). M. J. Guyot, Ann. Phys., 2, 506 
(1924). A. Frumkin, Z. physik. Chem., Ill, 190 (1924); 116, 485 (1925). Garrison, 
J. Phys. Chem., 29, 1517 (1925). A. Buhl, Ann. Physik, 84, 211 (1927); 87, 877 (1928). 

a * J. W. Williams and V. A. Vigfusson, J. Phys. Chem., 35, 348 (1931). 

33 M. J. Guyot, Ann. Phys., |10J 2,506 (1924). A. Frumkin, Z. physik. Chem., 116, 
485 (1925). 

14 A. Frumkin and J. W. Williams, Proc. Nall. Acad. Sci. U. S ., 15, 400 (1929). 

33 J- H. Schulman and E. K. Rideal, Proc. Roy. Soc. London, A130, 259, 270, 284 
(1930). 
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however, remove the difficulty that the values obtained by different work¬ 
ers or even by the same worker, on seemingly identical systems were e 
’ elv variable. The researches on surface films which had been carried 
on for many years in this laboratory had shown that many films of insoluble 
oreanic substances of the polar-nonpolar type are much less homogeneous 
than had usually been supposed in the literature on the subject. From 
this point of view, it was suggested by the writer to Frumkin (Harkins and 
Fischer 18 ) that his method for the determination of surface potential gives 
correct results, but that those who had used it had failed to combine it with 
a film balance, so the errors arose from a lack of proper control of the film. 



Fig. 20.—Circuit used for determination of surface potential with polonium 
electrode and Compton electrometer. 


When this suggestion was adopted, the errors disappeared. Figure 19 
shows the lack of homogeneity of a monolayer of myristic acid in the region 
in which islands of liquid expanded ( L t ) film lie in a sea of gaseous film 
(above 52 A. 2 per molecule). The lower curve at the higher areas corre¬ 
sponds to the gas phase, and the highest points to the L e film. 

The polonium electrode is prepared by dipping a thin circular disk of 
silver, 1 cm. in diameter and soldered to a platinum wire, into an acidic 
solution of a polonium salt. Polonium deposits on the silver. If the po¬ 
tential over a smaller area is to be determined, the polonium is deposited 
electrolytically at the end of a heavy platinum wire, about 2 mm. of which 
projects from the end of a glass tube into which it is sealed to make elec¬ 
trical contact with the mercury inside. One circuit used in this laboratory 
is shown in figure 20. This makes use of a Compton electrometer. A 
vacuum-tube electrometer is also in use in an independent apparatus, the 
tube being mounted directly above the electrode. 
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One method used for moving the electrode over the surface has been 
shown in figure 7. The electrode should be set at a height of 1-2 mm. 
above the surface and should be kept dry. The air is made electrically 
conducting by alpha particles which shoot out of the polonium and pro¬ 
duce both positive and negative ions. If polonium is not available, the 
method of Zisman 30 may be used. This employs an electrode which vi¬ 
brates about 250 to 1000 times per second. Because the apparatus is much 
more bulky than that for the polonium electrode, it has been used mostly in 
this laboratory for the determination of the potentials of built-up films. 
The vibration of the electrode varies the distance between it and the othor 
surface, which may be that of water or another metal, and thus gives a 
condenser of variable capacity. 

V. EXAMPLES OF INVESTIGATIONS USING MONOLAYERS 

Many illustrations might be given of important uses of the film balance and its 
accessories in investigations in organic and biological chemistry. 37 Its application 
to the study of film penotration has been described on page 437. Measurements 
made on monolayers of sterols, hormones, and enzymes have added to our knowl¬ 
edge of their structure and behavior. The older formulas for cholestanol, ergos- 
terol, and estriol were such that the models of the molecules indicated that, with 
the hydroxyl group down, the molecular area could not be less than 54 A. 2 , while 
the newer formulas indicate cross sections of from 35 to 40 A. 2 (Fig. 21). In the 
tightly packed monolayers, the mean areas, determined experimentally, vary from 
37 to 44 A. Bernal, whose x-ray work was important in this connection, pointed out 
that the molecules are not only too slender, but they are also too long for the old 
formula to be valid. The surface potentials of some of these substances exhibit 
remarkable relationships. Thus, that of a condensed film of cholestanol is 400 mv., 
while with epicholestanol, it is —100 mv. The only apparent difference in the two 
compounds is the orientation of the hydroxyl group. In the former, it is presum¬ 
ably oriented nearly vertically, with the positive end upward, while in epicholes¬ 
tanol it would seem to have the negative higher than the positive end. The small¬ 
ness of area of these compounds with four rings and the very small compressibility 

M W. A. Zisman, Rev. Sri. Instruments, 3, 7 (1932). W. A. Zisman and H. G. Yamins, 
Physics, 4, 7 (1933). H. G. Yamins and W. A. Zisman, J. Chem. Phys ., 1, 656 (1933). 
See also D. J. Dcrvichian, J. phys. radium, 221, 427, 429 (1935). 

37 Summaries: O. Rosenheim and H. King, Ann. Rev. Biochem., 3, 87 (1934); Kon, 
Ann. Rept. Chem. Soc., 31, 206 (1934). 

Papers on Sterols, Etc., in Surface Films: J. B. Leathes, J. Physiol., Proc., Nov. 
1923; N. K. Adam and G. Jessop, Proc. Roy. Soc. London, A120, 473 (1928); O. Rosen¬ 
heim and N. K. Adam, ibid., A126, 25 (1929); O. Rosenheim and N. K. Adam, ibid., 
B105, 422 (1929); R. J. Fosbinder, ibid., A139, 93 (1933); J. F. Danielli and N. K. 
Adam, Biochem. J., 28, 1583 (1934); N. K. Adam, F. A. Askew, and J. F. Danielli, ibid., 
29, 1786 (1935); N. K. Adam, J. F. Danielli, G. A. D. Haslewood, and G. F. Marrian, 
ibid., 26, 1233 (1932); J. F. Danielli, G. F. Marrian, and G. A. D. Haslewood, ibid., 27, 
311 (1933); I. Langmuir and others, J. Am. Chem. Soc., 59, 1406, 1751 (1937). 
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Of their films seem to indicate that the molecules are onented vertically The 
thickest monolayers of d-pimaric and of tetrahydro-d-pimanc acids (Ft*.22) 
foind by Harkins, Ries, and Carman- to be 12 A. thick or about one-half that of a 

stearic acid monolayer. 



Fig. 21.—Ergosterol molecule as oriented on the side 
of a drop of water in a tightly packed monolayer. 


In figure 23 are given the surface pressure area and surface potential relations 
for each substance. At zero pressure the extrapolated molecular area of the satu¬ 
rated compound, /, is 54 A. a , and of the unsaturated, 11,57 A. 2 , while at the highest 
pressure the former is compressed to 47 A. 1 and the latter to 43 A.* Thus, at a 



pressure of 5 dynes per cm.” 1 , the molecular areas are equal (51 A. 2 ), while the com¬ 
pressibility of the monolayer of the unsaturated compound is much higher (0.0100) 
than that of the saturated compound (0.00681). The molecular area of these sub¬ 
stances is somewhat more than twice that of stearic acid. The molecule of d-pi¬ 
maric acid contains two double bonds, which occur at or near the top of the mole- 

« W. D. Harkins, H. E. Ries, and E. F. Carman, J. Am. Chem. Soc., (a) 57, 2224 
(1935); (b) 58, 1377 (1937). 
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cule when oriented upright in a tightly packed film. The effect of these double 
bonds on the surface potential is extremely interesting. Since the surface poten¬ 
tial of the unsaturated is less than half that of the saturated compound, the dipoles 
due to unsaturation are opposed to those of the carboxyl group. Furthermore 
while the surface potential of the saturated compound rises as the film becomes 
more tightly packed, that of the unsaturated compound decreases with packing. 



38.0 46 0 54.0 62.0 70.0 


AREA PER MOLECULE. A.» 

Fig. 23.—Influence of double bonds upon the pressure-area 
and potential-area relations of the pimaric acids. Curve /, 
tetrahydro-d-pimaric acid; curve //, d-pimaric acid. 

The former normal effect is due largely to an increase in the number of dipoles per 
unit area with pressure. The latter indicates that increased tightness of packing 
increases the opposition of the dipoles. It has been seen that unsaturation at the 
top of the molecules increases the tightness of packing at the highest pressure and 
gives a molecular area of 43 A.* Molecular models of these compounds gave an 
area of 42 A.* for tight packing of vertically oriented molecules. If the carboxyl 
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n h0(1 boon in position 3, the orientation should have been .tiffercHt, a °d the 
6 nr models for this case gave an area of 37 A.’, which is much less than that 
"’f , |v foun ,| At a low film pressure, the unsaturated groups near the top of the 
aCt “ c J e f change the molecular area in the opposite direction-that is, they cause 



AMYRINE 


BETULINE 


BETULINE 

DIACETATE 



Fig. 24. Formulas of compounds which contain a system of five condensed rings. 


slight expansion of the film, presumably because the tops of some of the molecules 
are pulled downward to the water by the dipoles of the unsaturated groups. 

A number of compounds with five rings (Fig. 24) investigated by the same workers 
also exhibited great differences, both in area and surface potential, as the result of 
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changes in the one, two, or three polar groups present. This is shown in figure 25. 
A decrease of pressure with decrease of area indicates that the film is collapsing. 

With measurements on mixtures, the possibility of interaction of film molecules 
must be kept in mind. Often the assumption is made, with insufficient justifica¬ 
tion, that each molecule occupies an area of the same magnitude as w hen present 
in the pure substance alone on the water surface. 



Fig. 25.—Pressure-area and potential-area relations of 
the compounds w'ith five condensed rings, as obtained by 
rapid compression. For older films, see reference 38b. 


Gorter and Grendel” employed the film balance as microanalytical tool (less than 
0.1 mg. is needed to form a film) in the determination of fat in red blood corpuscles. 
A quantitative estimation of the total fat content was made on 0.1 to 0.2 ml. of 
blood. An interesting result of this research is that many mixed films of biologi¬ 
cally interesting compounds such as cholesterol, lecithin, and lipides behave in a 
simple additive manner. The study” of films of phthioic acid, C M H 52 0 2 , one of the 
tubercle acids isolated by Anderson, has given noteworthy results in the elucida- 

39 E. Stenhagen, Trans. Faraday Soc., 36, 597 (1940). 
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Hnn of the probable structure of this compound. X-ray reflections from multilayer 
films of the barium salt showed that the length of the molecule was that of a 
Koin of 12 to 14 carbon atoms. The phthioic acid Aims differ in behavior from 
♦lose of known fatty acids. On water, a highly incompressible film which 
rollaDses at an area of 38 A.* per molecule is formed, in contrast with n-decyl-n- 
rlodecvlacetic acid, which forms an expanded film collapsing at about 60 A. The 

rface dipole of this film was much smaller than that found for phthioic acid. - Tins 
evidence suggested to Stenhagen the presence of a small alkyl group in the position 
luha to carboxyl, because this might account for the observed close packing of the 
hains The most probable formula is that of cthyl-n-decyl-n-dodecylacctic acid. 

C In exhaustive researches, Clowes and coworkers 40 found that numerous carcino¬ 
genic compounds, although not capable of giving coherent films in themselves, intcr- 
ct extensively with sterols in stable monomolecular films. In some cases the inter¬ 
action is sufficiently strong to lead to the formation of association complexes. The 
association type of interaction, which is especially pronounced when the hydrocar¬ 
bon-sterol films contain a fat, stearic acid, or a phosphatide as a third component 
may possibly provide a mechanism whereby the polycyclic hydrocarbons may be 
bound into and act as a modifying influence in biological structures. 

The subject of two-dimensional solutions of nonpolar solutes in polar solvents is 
in its infancy. It was discovered by Harkins, Myers, and Fowkes 41 that hydro¬ 
carbon oils of high molecular weight, which will not by themselves spread on water 
may nevertheless be made to spread as a certain percentage of the material in a 
monolayer of a polar-nonpolar oil. Numerous two-dimensional solutions of this 
type were encountered in the work of Clowes. 

VI. MULTILAYERS ON SOLID SURFACES 
1. General Relations 

The dimensions of organic molecules may often be determined from the 
pressure-area relations of their monolayers on water. The assumption, 
justified by the results obtained, is that the mean density of the monolayer 
is that of the three-dimensional liquid. If many monolayers could be 
piled up to form a multilayer, the thickness could be determined by optical 
means. The deposition of multilayers was accomplished by Blodgett, 42 
whose first paper appeared in 1934. The methods used in this deposition of 
multilayers and in the study of these monolayers after they are formed are 
so varied that the original papers by Blodgett should be consulted by those 
who wish to work in this field. Only a few of the methods and the most 

40 Summary by G. H. A. Clowes. Publ. No. 21, Am. Assoc. Adv. Sci., Washington, 
D C 1941. 

« W. D. Harkins and R. J. Myers, /. Am. Chem. Soc.. 58, 1817 (1936); R. J. Myers 
and W. D. Harkins, /. Phys. Chem., 40, 959 (1936); F. M. Fowkes, R. J. Myers, and 
W. D. Harkins, J. Am. Chem. Soc., 59, 593 (1937). 

« K. B. Blodgett, J. Am. Chem. Soc., 56, 495 (1934); 57, 1007 (1935). 
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important of the characteristics of these multilayers can be considered here. 
In general, only highly condensed monolayers can be transferred by this 
general method. In order to obtain a uniformly deposited monolayer, it 
is essential that the pressure upon the monolayer on the surface of the aque¬ 
ous subphase be kept constant. The methods for doing this are indicated 
later. 

The films transferred as monolayers from the surface of an aqueous 
phase are of three types —X or D, Y or UD, and Z or U —where D indicates 
that the monolayer is transferred as the slide moves downward, and U, as it 
moves upward through the surface. The type of deposition obtained is a 
function of the type of monolayer employed, of the temperature, of the 
nature of the surface upon which the monolayer is deposited, and of the 
rate at which the slide is moved. If the monolayer on the aqueous phase 
is spread as an acid, the pH and the nature of the multivalent positive ion 
largely determine the deposition. That this should be true is evident when 
it is considered that the fraction of neutral soap present increases 43 as the 
pH increases from 2 to 10 or more, and most rapidly between 4 and 8. 
The hydrophilic character of the films increases in the order X < Y < Z, 
and the type of film deposited is related to the “wettability” of the surface 
and thus to the contact angle between the surface of the slide and the film. 44 
A small angle of contact , when measured between the monolayer on the 
water and that part of the surface of the slide which is moving toward the 
edge of contact, is favorable to the deposition of the layer on the slide. 

In Blodgett’s early work, a vertical clean glass slide was partly immersed 
in a nearly saturated (5 X 10“ 4 molar) solution of calcium carbonate; and 
a film of stearic acid was spread on the clean surface of the water. When 
the slide was withdrawn slowly, it emerged “completely dry” at a pH of 
7.5 to 8.0. The surface of this film was both hydro- and oleophobic. At 
a pH of 6.5 to 7.0, the slide emerged covered with a layer of water, on the 
surface of which was a monolayer of calcium stearate. The latter ad¬ 
hered to the surface of the glass if the water was removed by evaporation at 
a low temperature. 

Y or UD multilayers are formed from monolayers of barium or magnesium 
stearate on the surface of water, and with calcium stearate at pH < 7.0 and 
often between pH 7.0 to 8.5. The layer (I/ 1 ) deposited on the first up trip 
has its —(COO) 2 Ca “heads” oriented toward, and the <CH 3 groups 
away from, the glass. The succeeding layers are oriented in opposite di¬ 
rections. Thus the whole multilayer consists of an aggregate of double 
layers of molecules with their polar groups outward. This is exactly the 
structure of soap micelles in an aqueous solution of soap, except that the 

43 I. Langmuir and V. J. Schaefer, J. Am. Chem. Soc., 58, 284 (1936). 

44 J. J. Bikerman, Proc. Roy. Soc. London , A170, 130 (1939). 
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micelles are spherical or nearly spherical with the polar ionic groups 
tnward the water and the hydrocarbon chains inside. 

The deposition of Y layers is shown 45 graphically in figure 26. The plate 
f glass or metal is first made hydrophobic by covering the surface with 
ferric stearate and rubbing the warm slide very vigorously with a clean 
towel, which removes all but a single monolayer. On the first down trip 
the first layer deposits in such a way that the polar groups are oriented to- 



Fig. 26.—Deposition of Y layers. 


ward the polar water, but on the first up trip toward the polar groups of the 
stearate. Thus a thick multilayer consists of double layers of polar-non¬ 
polar molecules with their like groups turned toward each other: polar 
toward polar and nonpolar toward nonpolar. This structure is found in 
both Y (UD or DU multilayers) and X or U layers. That both should 
give the same structure is made plain if the principles of the molecular 
orientation theory are considered. In this connection, a quotation from 
the first paper on orientation (Harkins, Davies, and Clark, 46 1917) may be 

11 1. Langmuir, Proc. Roy. Soc. London, A170, 1 (1939). 

« W. D. Harkins. E. C. H. Davies, and G. L. Clark, J. Am. Chem. Soc., 39, 541 (1917). 
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cited as follows: “at any surface or interface the change which occurs is 
such as to make the transition to the adjacent phase less abrupt.” 

In general it is the molecular forces which determine the orientation of 
the molecules in the multilayer, and not the type of deposition. Thus the 
molecules “overturn” when those in the monolayer do not have the same 
orientation as that which the multilayer should have. However, the den¬ 
sity of the multilayer depends U|>on the method of deposition and is differ¬ 
ent in X and Y multilayers. 

2. Method of Deposition and Use of “Piston Oils” 

Any of the troughs and film balances described in this chapter may be 
used for spreading the monolayer and determining the film pressure. 
There should be a well in a convenient place in the trough, in order to allow 
the use of a slide of sufficient length. The balance is controlled by a con¬ 
stant-pressure device operated by a beam of light and one or more photo¬ 
cells, or more easily by an electrical contact or contacts. It is more simple 
to use a large, deep, Pyrex glass trough. An automatic dipping mecha¬ 
nism, shown in figure 27, is useful if much work is to be done. Directions for 
cutting the cam of the latter are given in a paper by Mattoon and Bern¬ 
stein. 47 The automatic feature is not essential, but dipping by hand is too 
irregular to be successful. 

The monolayer is spread in the usual way by dropping a solution, in a 
volatile hydrocarbon, upon the surface. If a horizontal type of film bal¬ 
ance is used, the solution is spread on the end which has the larger area. 
The simplest method for giving a definite constant pressure, but not the 
best, is to make use of a “piston oil” such as oleic acid in excess. If this is 
done, no film balance is used. The paraffined trough is made overfull with 
the aqueous phase and swept by paraffined barriers until the surface is 
clean. A paraffined glass or stainless steel barrier is placed transversely 
on the trough. This barrier has a gap of 3-5 cm. at its center, where it 
docs not touch the water. The monolayer is prevented from passing into 
the other end of the trough by a paraffined silk thread which is longer than 
the gap and whose ends are fastened at the edges of the gap. This thread 
lies on the surface. The solution of the monolayer material is now dropped 
near the end of the trough, on one side of the barrier, and the piston oil at 
the other end of the trough. If lenses of the piston oil are present and if the 
barrier is moved until the silk thread lies loosely in the surface, the pres¬ 
sures of the monolayer and of the piston oil are equal, and dipping may be 
begun. If the silk thread is not much longer than the gap, it is simple to 
determine the ratio of the area of that part of the slide upon which the mono- 

47 R. W. Mattoon and S. Bernstein, Rev. Sci. Instruments, 9, 125 (1938). 
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laver is deposited to the decrease in area of the monolayer. In such a 
measurement, the barrier is moved to keep the silk thread in the same rela¬ 
tive position and the same degree of tautness. 

Any insoluble, nonvolatile oil which spreads to give a definite film pres¬ 
sure M while lenses are still present may be used as a piston oil. These 
pressures, in dyne cm.- 1 , are 30 for pure oleic acid, 15 for triolein, and 9 for 



SCAlE IN INCHES ROD 
CLAMP 

Fig. 27.—Automatic dipping apparatus for the deposition of mono- 
layers to form multilayers (Mattoon and Bernstein). 47 

tricresyl phosphate. Oxidized lubricating oils spread to give a uniform 
film which exhibits interference colors that may be calibrated to indicate 
low film pressures. Thus, a particular oil appeared as: first-order yellow- 
red with ir = 0, first-order blue with t r = 1.4, second-order yellow with i r 
= 4, second-order blue with v = 5.2, and third-order red with tt = 7.0. 
A substance of high spreading pressure may be mixed with one which gives 
v = 0 to give a piston oil whose pressure depends upon the proportions 
used. The following list 48 shows the spreading pressures for various per¬ 
centages of ethyl myristate mixed with a high-boiling paraffin: 

48 A. Norris and T. W. J. Taylor, J. Chem. Soc., 1038,1719. 
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Ethylmyristate, %. 0 10.0 1G.5 33.0 49.0 65.5 100 

F, dynes/cm. 0 5.0 8.5 11.1 14.7 17.0 20 7 

Other piston oils give the following approximate pressures in dyne 
cm.“': purified oleic acid, 4 * 30; castor oil, 4 * 15; tricresyl phosphate, 10; 
and ethyl myristate, 20.7. The values for n-dodecyl alcohol in a hydro¬ 
carbon oil 48a and for other mixtures depend upon the proportions, and all 
these pressures vary with the purity of the oil. Thus it is essential to 
determine the film pressure of the special sample. For an acidic oil this 
is highly dependent on the pH. For this purpose a film balance is used. 
The vertical film balance described in the preceding Section 2 may be 
set up in a very short time. 

Langmuir and Schaefer 49 have found that the organic film on a solid may 
be conditioned in such a way as to cause it to adsorb organic substances, 
which contain polar groups, from their aqueous solutions. This may be 
done by depositing a Y layer, as from a stearic acid monolayer, on aqueous 
10” 4 M barium chloride plus 2 X10“ 4 potassium acid carbonate at pH 
6.8 on a plate. This plate is then placed in a 10" 3 M aluminum chlo¬ 
ride solution. If the wet plate, made hydrophilic by this process, is used 
to stir an aqueous 1% solution of egg albumin and then taken out and dried, 
the monolayer thus deposited has a thickness of 50 A., which is the same as 
that given by catalase on the same subphase. Stanley’s tobacco virus 
gives a thickness of 300 A. Treatment with a 10“* M solution of thorium 
nitrate gives an even better adsorption of a protein. Films which contain 
more than 50% of barium stearate are more readily conditioned than those 
of stearic acid, while those of copper stearate from water containing 10" 6 
copper chloride are not conditioned by thorium or aluminum salt solutions. 

3. Properties and Uses 

The thickness of a multilayer which is not too thin may be determined by 
the use of the interference of polarized white or monochromatic light. The 
use of sodium light gives a much greater accuracy than does white light, 
but white light is sufficiently sensitive to detect the addition of a single 
molecular layer. For the details of the method of measurement, the paper 
by Blodgett 50 should be consulted. 

When Y multilayers are deposited on a metal sheet, the contact poten¬ 
tial toward a clean sheet of the same metal is close to zero, but Porter and 


*** N. K. Adam, Proc. Roy. Soc., London, B122, 134 (1937). 

«• I. Langmuir and V. J. Schaefer, J . Am. Chem. Soc., 59,1762 (1937). 

"> K. B. Blodgett, J. Phys. Chem., 41, 975 (1937). K. B. Blodgett and I. Langmuir, 
Phya. Rev., 51, 964 (1937). 
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Wyman 61 found that, with X layers, the contact potential of banum stew 
ate^ of the order of 60 mv. per layer. In all the earher papers on this sub 
ie^t this potential was attributed to the dipoles of the barium stearate. 
However Harkins and Mattoon 63 found that, with a very thin sheet of 
oaraffin on gold which exhibited a practically zero (-30 mv.) contact po¬ 
tential the first X layer increased the potential to +5 volts and the second 
to +11 volts, while dipoles in a single layer have not increased a contact 
notential by more than one volt. The potential of an X multilayer is due 
to surface charges, and the equations for the relations between charge and 
notential are given by Harkins and Mattoon. In the deposition of an A 
multilayer, the film is (partly?) discharged during the down trip and 
charged again during the up trip (Groetzinger and Harkins 63 ). 

The principal use of multilayers to the organic or biological chemist is 
the determination of something related to the dimensions of organic mole¬ 
cules A simple illustration is given by the work of Harkins, Fourt, and 
Fourt 64 who found that catalase deposited by adsorption from aqueous 
solution on a subphase of barium stearate on chromium gave a thickness of 
50 A. for the first monolayer. A monolayer of (rabbit) anticatalase de¬ 
posited on the catalase gave a thickness of 50 A. also, but catalase on anti- 
catalase exhibited a thickness of 10 A. Anticatalase as the next layer gave 
50 A., and catalase on this 10 A. Langmuir and Schaefer* 6 obtained 14.2 
A. as the thickness of chlorophyll layers at not too high values of ir, but at 
v = 30, double layers were 59 A. thick at pH of 3 and 5.8, and 68 A. at a 
pH of 10. Sobotka and Bloch 66 obtained thicknesses per monolayer in 
multilayers as follows (in A.): hemin, 36; protoporphyrin, 36; copropor- 
phyrin III, 30; uroporphyrin-III-octamethyl ester, 32; and phaeophor- 
bide 32-36, while the standard value for barium stearate is 24.4. 


VII. INTERMOLECULAR ATTRACTION BETWEEN ORGANIC 
SUBSTANCES AND SURFACES OF SOLIDS. 
DETERMINATION OF FILM PRESSURE (ir) ON SOLIDS 

Results of much interest have been obtained by determining the attrac¬ 
tion between organic substances, with or without polar groups, and solids 
(including metals, polar and nonpolar solids, and oxide-coated metals). 

•i E. F. Porter and P. J. Wyman, J. Am. Chem. Soc., 59, 2746 (1937); 60, 1083 
(1938). 

»* W. D. Harkins and R. W. Mattoon, J. Chem. Phys., 7, 186 (1939). 

•* G. Groetzinger and W. D. Harkins, J. Chem. Phys., 7, 204 (1939). 

•« W. D. Harkins, L. Fourt, and P. C. Fourt, J. Biol Chan., 132, 111 (1940). 
u I. Langmuir and V. J. Schaefer, J. Am. Chem. Soc., 59, 2075 (1937). 
m H. Sobotka, Publ. No. 7, Am. Assoc. Adv. Sci., Washington, D. C., 1939, p. 54. 
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This attraction can be obtained in terms of the work of adhesion, \V At 
- which is the work required to pull the organic liquid from unit area of the 
solid leaving the surface of the solid clean. 

The value of the work of adhesion can be calculated from an adsorption 
isotherm of the organic substance upon the solid in question. In order to 
obtain the work of adhesion per unit area it is necessary to determine the 
area of the solid. However, this may also be obtained from an adsorption 
isotherm. Economy in the amount of experimental work involved is 
achieved by the fact that the same isotherm gives both the area of the 
solid and the fundamental term in the work of adhesion. 

1. Determination of Area of a Solid 

To determine the film pressure, 7r, of a film of an organic substance on 
the surface of a solid, and the work of adhesion, \V At between an organic 
liquid and a solid, it is necessary to know the area of the solid, which is 
usually in the form of a fine powder. Of all of the methods proposed only 
those outlined below are sufficiently accurate to be considered here. 

A. ABSOLUTE METHOD FOR AREA OF A SOLID 

The most accurate procedure, provided the conditions are suitable, is the 
absolute method of Harkins and Jura.* 7 Since, however, it is much more 
difficult experimentally than the other two, it is not described in detail 
here. Its principal value is that it can be employed to test the accuracy 
of the other methods. The general principle of the method is that a 
clean, degassed solid, kept in the saturated vapor of a liquid that wets the 
solid, adsorbs a polymolecular film whose outer surface at equilibrium has 
the same total surface energy, h /t as the liquid itself. A very fine powder 
(Fig. 28) is employed, which, after equilibrium is attained, is dropped into 
the liquid in a calorimeter (Fig. 29) to obtain a measure of the heat de¬ 
veloped by the disappearance of the surface of the adsorbed film and the 
conversion of its surface energy into heat. If water is chosen as the liquid, 
the total surface energy involved is fixed at 118.5 ergs per sq. cm. at 25° C. 
Even with a calorimetric system accurate to ±0.00002° C., the surface 
energy per unit area is so small that a large area (3 to 9 sq. meters per cc.) 
of solid is necessary to give high accuracy. Another essential feature is 
extreme constancy in the temperature of the system. If the energy de¬ 
veloped in the calorimeter when water is employed is 118.5 X 10 6 ergs, 
then the area of the powder is 10 6 sq. cm. or 100 sq. meters, or, if 10 grams 
of powder is present, the area is 10 sq. meters per gram. 


" W. D. Harkins and G. Jura, J. Am. Chem. Soc., 66, 1302 (1944). 
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Fig. 29.—Calorimeter for determination of 
energy of immersion of a powder. From this 
energy of adhesion can be calculated very 
simply. T, 36 junction thermcl; G, inlet 
for liquid; N, heating element; S, stirrer; 
B, brass collar on Dewar flask; C, stopcock; 
Ch, chimney for better circulation of powder; 
M, metal top of calorimeter; I, opening for 
introduction of powder into aqueous phase— 
for nonaqueous liquids the powder is in a very 
thin glass bulb immersed in the liquid. 




The most accurate determination made thus far by this method gave, 
after a correction for the thickness of the film of adsorbed water, an area 
of 13.8 sq. meters per gram for a sample of anatase. This particular 
sample is now in use in various laboratories as a standard for determinations 
of area. 
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B. DETERMINATION OF AN ADSORPTION ISOTHERM 

The two best of the less difficult methods by means of which the area of 
a solid can be obtained are the method of Brunauer, Emmett, and Teller 6 * 
(BET) and the method of Harkins and Jura 59 (HJ). Both require an / 
adsorption isotherm of a vapor as a basis. The first of these (BET) gives, 
not the area of the solid, but the number, N, of molecules required for a 
complete adsorbed monolayer on the surface. If, by any means, the mean 
area, <r, per molecule of the adsorbed substance can be obtained, the area, 

2, of the solid is given by: 

2 = No (13) 



Fig. 30.—Apparatus for determination of area of a 
solid by adsorption of a vapor. 


The 11J method, when standardized by the absolute method of Harkins 
and Jura, gives 2 directly. 

Since both methods make use of the same adsorption isotherm, the ex¬ 
perimental problem is to secure an accurate determination of the adsorp¬ 
tion isotherm. 

For determination of the areas of solids in general the most suitable 
vapor is that of nitrogen, provided either nitrogen or air is available in the 
liquefied form. Argon may be used if preferred. The apparatus and 
technique used for the determination of the isotherms of liquids such as 

M S. Brunauer, P. H. Emmett, and K. Teller, J. Am. Chem. Soc., 60, 309 (1938). 

M VV. D. Harkins and G. Jura, J. Am. Chem. Soc., 66, 13G6 (1944). 
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voter and n-heptanc at 25°, which have low values of p. (vapor pres.su j 
duration) are described in an earlier contribution.'" A diagram of th 
naratus for the determination of the nitrogen isotherms is shown 
fi mre 30 The part of the apparatus used for higher pressures is the same 
•fits essential features as the apparatus described by Emmett and Br - 
o> The variations in technique and design are not of a major type, 
hnt they contribute markedly to the precision of the results and are there¬ 
fore important. The diagram also shows the attachment and necessary 
‘°ocks for the use of either the low or higher pressure manometer. 
The changes in design are: </) the addition of a vapor pressure ther¬ 
mometer as described in the following paragraph; (2) the addition of a 
•de-bore, 25-mm. diameter manometer for low-pressure work; and (3) 

., „ IISC 0 f only one U tube before the sample, thus decreasing the dead 
snace. A compression chamber, C, and the tube leading to manometer 
, , ' filled with the gas whose adsorption isotherm is to be determined. 

The gas is then compressed by filling C with mercury, thus condensing 
the vapor into liquid in T, which is immersed in the same bath as the ad¬ 
sorption bulb filled with the powder under investigation, B. The vapor 
nressure of the liquid is then read on manometer M,. The burette is 
composed of bulbs G and the left-hand side of the mercury cut-off, A. 
The latter is a tube which has a length of 60 centimeters with a 5-cc. 
capacity, graduated in hundredths of a cubic centimeter. The gradua¬ 
tions were checked by the volume of mercury delivered. The calibration 
of the bulbs and of the other tubing is described in Part XI of the series 
by Harkins and Jura.” 

The following procedures are used for determination of the gas pressure. 
For low pressures, manometer Mi is used in conjunction with a traveling 
microscope. The details for this are given in Part XI. 44 The maximum 
working pressure for this manometer is between 90 and 100 mm. For 
higher pressures, manometer Mi (external diameter, 12 mm.) is used. 
The difference in heights of the mercury is obtained either with a cathetom- 
eter or with a meter stick. With the cathetometer no attempt is made to 
obtain the pressure to better than 0.1 mm. When the meter stick 
is employed, a slide arrangement with projecting arms is used, 
which gives the pressure with an accuracy of 0.4 mm. The scale on the 
meter stick is calibrated by that of the cathetometer. The pressure meas¬ 
ured by Mi is that of the gas in the 5-liter bulb, L, whose purpose is to per- 
mit ease of variation of the pressure. 

The pressure in the burette system is made equal to the pressure in L by 
the following procedure. The mercury in cut-off A is pulled down; the 

« G. Jura and W. D. Harkins, J. Am. Chem. Soc., 66, 1356 (1944). 

«» P. II. Emmett and S. Brunauer, J. A m. Chrm. Sac., 56, 35 (1934). 
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cut-off is evacuated; and the mercury is allowed to rise. On the left side, 
the meniscus of the mercury is brought exactly to one of the graduation 
marks. The amount of mercury in the cut-off is maintained constant by 
closing stopcock 1. As long as the temperature remains constant, the 
pressures on the right- and left-hand sides are equal when the mercury is 
at the chosen graduation mark. When this method is used, it is possible 
to reproduce pressures to within 0.05 mm. with a maximum deviation of 
0.01 mm. This method of determining pressures was chosen because the 
internal diameter of the burette is small and small variations in diameter 
have a marked effect on the level due to capillary depression. In the sys¬ 
tem now in use, the difference in height of the mercury in the two arms, 



Fig. 31.—Adsorption apparatus for pressure 
below 100 nun. 


with a vacuum on both sides, is —2 to about +3 mm. as the mercury is 
moved up. Thus, if it were assumed that the pressure on both sides is the 
same when the arms are level, an error of as much as 3 mm. might be 
made. The percentage error would, of course, depend on the absolute 
value of the pressure. Working with nitrogen at —195.8° at a relative 
pressure of 0.2 mm., the error in the pressure reading could be as high as 
4%. This error would obviously also be reflected in the calculation of 
the absorbed volume of gas. The isotherm is obtained by successive ad¬ 
ditions of vapor. 

If the maximum pressure of the vapor is not over 100 mm., the appara¬ 
tus shown in figure 31 is used, and the vapor pressure is determined by 
mercury manometer M , whose characteristic feature is that it has an inner 
bore of about 2.5 cm., since the diameter should be large in order to allow 
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the center of the meniscus to move freely. Bulb B contains the adsorbent 
R which holds the liquid whose vapor is to be adsorbed, may als0 ’ 
as’ a gas reservoir if it is desired to investigate only the very low-pressu < 
re ,ion of the isotherm. A set of calibrated bulbs, G, is employed to con¬ 
trol and measure the volume of that part of the manometer in the adsorb¬ 
ing system. Stopcock 1, when open, permits the gas to enter the burette 
system and then to pass to the adsorption bulb. 



Fig. 32—Reproducibility of isotherms. 


The volume of the bulbs in G is determined by the weight of the mercury 
they hold. Duplicate determinations of the volumes of each bulb agree 
on the average within 0.005 cc. The volume of the left side of the manom¬ 
eter can be determined as a function of the distance from the calibration 
mark to the level of the meniscus; the volume of the tubing leading from 
the graduated bulbs can be obtained by measuring the change in pressure 
as the volume in the bulbs is decreased by successively filling them with 
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mercury from reservoir A. C is a graduation which is used in calibration 
of the volume. (For one system, the volume of the tubing was 25.10 ce. 
The average deviation was 0.22 cc., or less than 1%). The dead space in 
the adsorption chamber can be determined with helium by measuring the 
initial volume and pressure in the burette system and also the final pressure 
after the gas has been allowed to expand into the dead space. 

The difference in height of the mercury in the arms of the manometer is 
determined with a traveling microscope (sensitivity, 0.001 mm.) set on a 
transit mount so that it can be rotated. The average deviation of a given 
height, when a series of readings was taken, was found to be 0.002-0.003 
mm., while the deviation of a single reading from the average did not 
exceed 0.006 mm. The screw of the microscope was not in error by more 
than 0.010 mm., and its errors are known to 0.001 mm. 

In figure 32 two isotherms of water vapor at 25°C. on a single sample 
of anatase (TiO*) are exhibited. The circles represent determinations on 
amounts, 17 sq. meters in area; and the squares, 12 sq. meters. For 
lower pressures a McLeod gage is used. 62 

2. Determination of Area of a Solid by Method of Harkins and Jura 63 

The method of area determination developed by Harkins and Jura (HJ) employs 
the same vapor adsorption isotherm, in terms of amount adsorbed vs. relative 
pressure of the vapor (p/p 0 ), as is used in the BET method. Thus, the same 
experimental data may be used for either or both methods. The essential differ¬ 
ence is that the HJ method is based on thermodynamic, and the BET method on 
kinetic, considerations. 

For any condensed film, either an oil film on water or a film condensed from a 
vapor upon a solid, the isothermal equation of state is: 

7r = 6 — ao (14) 

in which n is the film pressure, <r is the molecular area, and a and b are constants. 
In this equation quantities refer to a two-dimensional system. A simple trans¬ 
formation gives: 

log (///o) = B — (A/v*) (15) 

in which / and / 0 are the fugacities of the vapor, and v is its volume (S.T.P.). How¬ 
ever, the ratios of the pressures, (p/po), is so close to the ratio of the fugacities, 
f/fo, that no important error is introduced by using the equation in the following 
form: 


log (p/po) = B - (A/v 7 ) 

67 L. A. Wooten and C. Brown, J. Am. Chem. Sor., 65, 113 (1943). 

6a W. I). Harkins and (I. Jura, J. Am. Chcm. Soc., 66, 1366 (1944). 


(16) 
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If Ion (p/p,) is now plotted against \/v>, a linear relation must be exhibited wher 
„ " , £» is linear (i.c„ if the film is eon,leased). If the relation is not 1.|«c*r, 
tl e film is not condensed, and it is necessary to lower the temperature at which the 
experimental adsorption isotherm is obtained to a temperature at which a condensed 

Pl When thefirsUet of isotherms obtained with nitrogen at -195.8° C. was plotted 
• this wav it was noticed that the area of the solid increases rapidly with the slope 
In finure 33 seven curves are plotted. The lower linear portions of these represent 
areasTin square meters per gram of solid) of 67, 106, 123, 167, 212, 300, and 409. 

The relation is: 

2 = kA x/ ' = ks l/t ( 17 > 



Fig. 33. Condensed films of nitrogen on surfaces of various solids. 
The area of the solid is obtained in square meters per gram by multi¬ 
plying the square root of the slope of any line by 4.06. The numbers 
on the lines give the areas for seven solids. 


where the slope is represented by A or s, and k is a constant for a definite vapor 
whose value depends upon the temperature. The value of slope A is given by: 


A = 


IpuytflS* 

4.606/?7W 0 


(18) 


where 10“ is the conversion factor from cm.* to A 7 , V is the molar volume of gas, a 
is the constant in equation 14, R is the gas constant, and N 0 is Avogadro’s number. 
It is evident that A is inversely proportional to the absolute temperature, T. One 
value of k was obtained from the known area of a solid as determined by the abso¬ 
lute method. Some values of k are: 4.06, for N* at —195.8° C.; 3.83 for H 2 0 at 
25° C.; 13.6 for n-butane at 0° C.; and 16.9 for n-heptane at 25° C. The value 
of k, when unknown, is determined very easily by the use of a solid whose area is 
already known. 
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3. Determination of Number of Molecules in Complete Monolayer by 
Method of Brunauer, Emmett, and Teller 

An equation which gives an S-shaped isotherm has been developed by Brunauer 
Emmett, and Teller (BET) 61 in the following form: 


_ VmCP _ 

(Po - p)|l + (c - l)(p/po)| 


(19) 


Here, p is the value of the vapor pressure, p 0 its value for the saturated vapor, v 
the volume of the vapor at standard p and T, v m the volume of gas adsorbed when 
the entire adsorbent surface is covered by a monolayer, and c is a constant that 
as a rule is large compared to unity. If c is large p /#«, the isotherm consists 
of two regions. 

In the lower pressure region, where the curve is concave to the pressure axis this 
reduces to: 


v = PmC(p/po) 

1 + c(p/p 0 ) 

For purposes of testing equation (19) can be written: 

P „ _1 _ | _ c - 1 p 

v(Po - P) v m c V m C Po 


( 20 ) 

( 21 ) 


Insofar as this equation holds, it should give a straight line if p/i>(Po — p) is 
plotted against p/p 0 . The slope of this line is (c — l)/v m c and its intercept is 
1 /v m c. Thus, from the slope and the intercept, both v m and c can be evaluated. 


4. Determination of Number of Molecules in Complete Monolayer by 
Entropy Method of Jura and Harkins 

A second method has been developed by means of which the number of molecules 
in the complete monolayer on the surface of a solid can be obtained. It consists in 
a determination of the lowering of the entropy of the surface as a function of the 
number of molecules of the vapor adsorbed per square centimeter of area. Where 
the minimum of the curve occurs, the monolayer is complete. Table I gives a 
comparison of the values obtained by the new entropy method and the kinetic 
theory (BET) method. The middle curve of figure 34, which gives the product of 
the absolute temperature, T, multiplied by the lowering of the entropy, S s/ , by a 
film of water, exhibits this minimum, which gives the position of the completion of 
the monolayer. In Table I, v m designates the volume (under standard conditions) 
of vapor adsorbed at the completion of the monolayer. 

The agreement is excellent except for water, for which the BET theory is in¬ 
valid. For twelve other solids with n-heptane, similar results have been obtained. 
Witli gases other than nitrogen, the entropy method gives higher values than the 
BET method. This difference was expected, since for these gases larger cross- 


04 S. Brunauer, P. H. Emmett, and E. Teller, J. Am. Chcm. Soc., 60, 312 (1938). 
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. _ reas are required by the BET values of to give agreement with the 
se f „„ nrcas th an would be expected from the cross-sectional areas determine 
from the constants of the liquid; the area for "-heptane, as calculated by Emmett s 



Fig. 34.—Lowering of surface energy of anatasc by an adsorbed 
water film. lowering of the total surface energy is «. — of the 
free energy r ■ 71 - y$/\ and of the latent heat l =■ T(s, — s»/), 
where s is the entropy per unit area. The top line ( 7 ./) represents 
the surface energies of the clean solid which arc not known. 


Table I 


Values of v m for Water on Anatase by the Entropy and BET Methods 0 


Gas 

Temperature. 

•c. 


cc./g. 

Entropy 

method 

BET 

method 


-195.8 

3.1 

3.19 


0.0 

1.2 

1.02 


25.0 

0.9 

0.80 

■wmzjm 

25.0 

5.0 

(3.55) 


a v m = volume of vapor under standard conditions adsorbed at completion of the 


monolayer. 
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method, is 44 A. 2 , whereas the BET value of requires that the cross-sectional 
area of the n-heptane molecule on anatase be 04 A. 2 in order to agree with the area 
obtained either by the HJ absolute method or by use of the BET theory plus Em¬ 
mett’s assumption of 16.2 A.* as the area of the nitrogen molecule. v m from the 
entropy method requires 55 A.’, and the area calculated for n-heptane molecule 
lying flat on the surface from the bond distances and angle is also about 55 A . 2 


Table II 

Area Occupied by Each Adsorbed Molecule According to Emmett and Brunauer 


m 

m .j 

Tempera¬ 

ture. 

•c. 


Density 

of 

liquefied 

KM. 

R./ec. 

Tempera¬ 

ture, 

•c. 

Area 

a l> » 

N, 


IfSZZX 

13.8 

0.751° 

-183 

17.0 


ipWi | 


.. 

0.808° 

-195.8 

16.2 

0, 

1.426° 

-252.5 

12.1 

1.14° 

-183 

14.1 

A 

1.65° 

-233 

12.8 

1.374“ 

-183 

14.4 

CO 

ft 

-252.5 

13.7 

0.763° 

-183 

10.8 

CO, 

1.565° 

-80 

14.1 

1.179° 

-56.6 

17.0 

CH« 

e 

-253 

15.0 

0.3916° 

-140 

18.1 

C«Hio 

d 


32.0 

0.601“ 

0 

32.1 

NH, 

4 

-80 

11.7 

0.688° 

- 36 

12.9 

NO 

/ 


.. 

1.269° 

-150 

12.5 

N,0 

9 


14.4 

1.199“ 

- 80 

16.8 


_ / nWT7HMIV<NH Vi m ' --• 

ft Edge of unit cube of a-CO - 5.63 A. at -252.5°; face-centered; WyckofT, The 
Structure of Crystals, 2nd ed., Reinhold, New York, 1931, p. 224. 

* Edge of unit cube - 5.89 A.; face-centered; WyckofT, The Structure of Crystals, 
supplement to 2nd ed., Reinhold, New York, 1935, p. 136. 

* It was assumed that the butane molecule lies flat on the surface; an oblong shape 
was assigned to each molecule with one side 4.3 A., the other 7.45 A. long. These values 
were calculated on the basis of S. B. Hendricks, Chem. Revs., 7, 431 (1930). 

* Edge of unit cube - 5.19 A. at -80°; face-centered; WyckofT, The Structure of 
Crystals, 2nd ed., p. 260. 

* No data available in literature. 

* Edge of unit cube = 5.77 A.; face-ccntered; WyckofT, The Structure of Crystals, 
2nd ed., p. 238. 


5. Calculation of Area of a Solid from Number of Molecules in Com¬ 
plete Monolayer (Emmett and Brunauer) 

In order to obtain the area of a solid from the volume, v m , of vapor under stand¬ 
ard temperature and pressure it is necessary to multiply the number of molecules, 
iV m , by the mean area occupied per molecule, <r, adsorbed under the conditions 
that prevailed while the isotherm was obtained. This presents the greatest dif¬ 
ficulty of the method, since the area occupied per molecule is dependent not only 
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on the temperature, but also on the surface energy lattice. Unfortunately, there 
• no known method by means of which the average area occupied by the mole- 
,S , e can k e calculated. Emmett and Brunauer* 4 have estimated the molecular 
area from the density of the liquid, or solid, or by the use of other types of data. 
Their description of the method follows. “If one assumes that the average cross 
section of the adsorbed molecules is the same as that corresponding to the plane of 



Fig. 35.—Isotherm of n-heptanc Fig. 36.—BET plot for n-heptane 

on tin oxide at 25° C. on tin oxide. 


closest packing in the solidified gas, one obtains the area occupied by each adsorbed 
molecule on the surface, Area (5), from the equation: 

Area (S) = (4)(0.866)(M/4 V 2A D / ) v * 

where M is the molecular weight of the gas, D f is the density of the solidified gas, 
and A is Avogadro’s number. The molecular areas can also be calculated from the 
average space occupied by each molecule in the liquefied gas by substituting the 
density of the liquefied gas D, for D f in the above equation. Close packing of the 
physically adsorbed molecules is uniformly assumed. In Table II are shown the 
numerical values of “area (S)” and “area (L).’ ” 

64 P. H. Emmett and S. Brunauer, J. Am. Chem. Soc., 59, 1553 (1937). 
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The S-shaped isotherm* of n-heptane on tin oxide at 25° C., shown in figure 35 
(see Fig. 32 for the general form of an S-shaped isotherm) is characteristic of the 
isotherms of most vapors on nonporous, finely divided solids. As indicated earlier, 
if p/v(po — p) is plotted against p/p* a straight line is usually obtained between 
the relative pressure of 0.05 and 0.35. Here, v is the volume of gas adsorbed at 
pressure p, and p 0 is the liquefaction pressure of the adsorbate at the tem¬ 
perature of the experiment. This type of plot for n-heptane on tin oxide is 
shown in figure 36. The slope, a, and the intercept, b, of this line may be deter¬ 
mined by inspection of the graph or, more accurately, by a “least squares” calcula- 



Fig. 37.—1IJ plot for n-heptane on tin oxide. 


tion of the data. The volume of gas required to complete the first monolayer is 
calculated by means of the equation, v m = l/(a + &), where (as stated above) a is 
the slope and b the intercept of the line. The area, 2, of the solid is calculated from 
the equation, 2 = N A av m /V t where N A is Avogadro’s number, <j m the area occupied 
by the adsorbed molecule in a monolayer, and V the molar volume of the gas. 

When a = 2.4872 and b = 0.02583, v m is found to be 0.3979 cc. Using this value 
of v m and 64 A . 2 (the Harkins-Jura value) for <r m of heptane, the value calculated 
for 2 is 6.8 sq. meters per gram of tin oxide. Emmett’s value for tr m gives 4.7 sq. 
meters, which disagrees with the nitrogen value. Figure 37 plots these data in the 
form log p vs. l/v 1 . Here, 16.9 times the slope of the curve gives the area 6.89, 
obtained by the method of Harkins and Jura. 

•The isotherm was determined by E. H. Locser in this laboratory. 
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6 Decrease O) of Free Surface Energy by a Film (Determination of 

Film Pressure, ?r) 


Bangham 66 "* lias shown that the reduction of the free surface energy of a solid 
by an adsorbed film can be obtained by the integration of the Gibbs adsorption 
equation, as follows: 


7T 


RT 

= 7 5 - y S/ - — 



(22a) 


where R is the gas constant, T the absolute temperature, V' the molar volume of 
gas 2 the specific area of the solid, p the equilibrium pressure of the adsorbed gas, 
and' v the volume of gas adsorbed per gram-' of solid. 



Fig. 38—Graphic integration for 
n-heptane on anatase (total area 
under the curve up to any pressure p) 
gives the value of * at that pres¬ 
sure. 68 ** 



Fig. 39.—Same as figure 38 except that 
it represents the integration of the Innes- 
Rowlcy equation (George Jura and Wil¬ 
liam D. Harkins 68 **). 


For n-heptane on anatase the graphic integration is represented by figure 38, in 
which the total area under the curve up to any pressure p gives the value of i r at 
that pressure. 

Innes and Rowley 69 use the equation in the following form: 



*—*o 


(22b) 


M D. H. Bangham, Trans. Faraday Soc., 33, 805 (1937). 

87 D. H. Bangham and R. I. Razouk, Trans. Faraday Soc., 33, 1463 (1937). 

68 D. H. Bangham and R. I. Razouk, Proc. Roy. Soc. London, A166, 573 (1938). 
Ma G. Jura and W. D. Harkins, J. Am. Chem. Soc., 66, 1357 (1944). 

69 W. B. Innes and H. H. Rowley, J. Phys. Chem., 45, 158 (1941). 
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Figure 39 represents the graphic integration of this equation. This figure is easier 
to use up to p/p 0 = 0.4, whereas figure 38 is more satisfactory above this pressure. 


7. Work of Adhesion between a Liquid and a Solid 

The amount of work required to pull a liquid from the surface of a solid, leaving 
the latter clean and free from any of the material of the liquid, is designated as the 
work of adhesion, W A . Now, from figure 40, which represents a cylinder with unit 
cross section: 


- y 3 + il - ysL (23) 

since, by this process, the unit area of the surface of the solid with its free energy 
7 S , and the same area of the liquid with its free energy y L , are made to appear, and 

the interface, SL, with its free energy y S L is made to disappear. 
In a liquid system all of these free energies can be deter¬ 
mined by direct measurement, but not if a solid is involved. 

In the saturated vapor of a liquid, a solid wet by the liquid 
itself adsorbs a film so thick that it attains equilibrium with 
the surface of the liquid and exhibits its surface tension, y L . 
Thus (Fig. 41), the film pressure, tt„ in the saturated vapor is 
given by the relation: 

*, ■ ys — ys r * (ys — 7 sl) — yL (24) 

Here, in ir„ the e represents equilibrium with the saturated 
vapor. The equation for the work of adhesion may be 
written: 

- (y s — 7 sl ) + yL (25) 

W A - t . + 2y L (26) 

Since the surface tension is known for most liquids, and, if 
not, may be easily determined, the problem of determining 
the work of adhesion is reduced to that of determining ir,. 

If the liquid does not spread over the solid, then: 

W A = X, + 7l(1 + COS e) 

Water on Ceylon graphite exhibits a contact angle (advancing or receding) of 
85.6°. Table III gives values obtained with graphite, a hydrophobic, oleophilic 
solid. The graphites that contain 0.46 and less than 0.004% of ash were prepared 
in the absence of oxygen. The 10% of ash in the other sample of graphite in¬ 
creases the work of adhesion toward water, reduces the contact angle, and gives to 
the spreading coefficient of the low-ash graphites a value which shows that water 
does not spread over the clean, water-free surface of graphite, while the high con¬ 
tact angle shows that it resists spreading over the surface of graphite, even when 
it is covered by a film of water. The values for n-heptane show that this liquid 



Fig. 40.—Dia¬ 
gram of liquid (L) 
in contact with 
solid ( S) to be 
pulled apart at 
plane p. 
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reads readily over the clean surface of graphite, but that the work of adhesion 
tmvard heptane is only slightly higher than that toward water. 

T ible IVA gives values of the same quantities for four metals as obtained in the 
, k of a project carried out for the National Advisory Committee on Aeronautics 
" . Table IVB shows that the work of adhesion is very much higher when water, a 
polar liquid, is separated from a polar solid such as TiOj in the form of anatase or 



Fig. 41.—Film pressure, w (dynes cm. -1 ), vs. relative pressure at 
25°C.: (O) n-propyl alcohol on iron covered with thin oxide film; 
(•) n-propyl alcohol on iron; (A) n-heptane. 


rutile. The values indicated as “Initial” are those for metals covered by a thin 
film of okide produced by oxidation at room temperature in air. It is evident that, 
although the work of adhesion toward n-heptane increases in the order—copper, 
silver, lead, iron, the value is essentially independent of the presence or absence of 
the oxide film. This is not at all true if a polar group is present in the molecule of 
the liquid, since this gives a large increase in the value. 

8. Total Energy of Emersion 

If polar groups are present in organic compounds the energy required to produce 
separation from the surface of a polar solid is much larger than that required for 
nonpolar compounds. The work of adhesion corresponds to the free energy; the 
total energy, h A , includes the latent heat of the process. The experimental method 
employed involves as a primary step the immersion of the degassed fine powder of 
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Table III 

Equilibrium Film Pressure (O, Spreading Coefficient (Ss/ l), Free Enerot of 
Emersion /e(sd, and Work op Adhesion between Liquids and Various 

Graphites 


Graphite. 

Of ^ m 

Er*o per square centimeter 

Vo Mu content 


S L/S 


,r A(SL) 

Water 

10 

56 

Hi 

62 

134 

0.46 

19 

ICS 

25 

97 

<0.004 

19 

HsH 

25 

97 

Normal Heptane 

10 

60 

60 

80 

100 

0.46 

69 

69 

89 

109 

<0.004 

63 

63 

83 

103 


Table IV 


Values op the Free Surface Energy Changes for the Systems h-Heptane-Metal 

and Water-Solid* 


Specific 

com¬ 

ponent 

of 

system 

Area, 
sq. meter 
per 

Kram 

Spreading 

coefficient 

<s L/3 - 

ys - 13L - *L> 

Spreading 
pressure 
<+L/8 • 

ys - ysi> 

Work of 
adhesion 
("'a - 
ys - ysL + 

Initial 

| Reduced 

Initial 

Reduced 

Initial 

Reduced 



A. 

n-Heptane-Metal 




Cu 

0.773 

33 

29 

53 

49 

73 

69 

Ag 

1.05 

38 

37 

62 

60 

82 

80 

Pb 

0.0992 

51 

49 

71 

69 

91 

89 

Fe 

0.174 

54 

53 

74 

73 

94 

93 


B. Water-Polar Solid 


TiOt (anatase) 

13.8 

196 


340 

TiOi (rutile) 

7.85 

224 ± 9 

296 * 9 

368 * 9 

Graphite (ash, 0.004%) 

4.37 

-47 

.... 

97 


a Values given in ergs/sq. cm. at 25° C. 


the solid into the liquid in a calorimeter. The change of temperature is determined 
by a 32-junction copper-constantan thermoelement, sensitive to about 0.00002°C. 
The amount of heat liberated per square centimeter of area of the solid is the total 
energy of immersion, h,, and is equal to the total energy of emersion, h B) of the en- 
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tirely clean solid in the liquid. 70 ” 73 This gives the energy of separation of the 
finely divided solid from the liquid. If the solid and the liquid meet at a plane 
surface the total energy of adhesion, h A , is given by: 

h A = h E + h L 

where h L is the total surface energy of the liquid. For the thermodynamic rela¬ 
tions involved, see Section II, Part 1, Chapter VI. Both the total energy of emer¬ 
sion and that of adhesion are given in Table V. 

As a result of work that has been done it is apparent that, on the completion 
of the adsorbed monolayer on the surface of a solid, the orientation of hydrocarbon 
molecules is as shown in figure 42a, whereas polar-nonpolar molecules on a polar 


VAPOR 



VAPOR OR LIQUID 



Fig. 42.—Orientation of molecules in complete monolayers on sur¬ 
face of a solid: (a) hydrocarbon molecules; (6) molecules of the 
type of those of an alcohol, an organic acid, a soap, etc., on the sur¬ 
face of a polar solid. At equilibrium with the saturated vapor the 
film is much thicker. 


solid stand upright as shown in b. However, if plenty of area is available, as in a 
dilute film, the polar-nonpolar molecules also lie down. As the film thickens and 
becomes multimolecular, the orientation in the first layer of polar-nonpolar mole¬ 
cules preserves the perpendicular type of orientation. If the vapor becomes satu¬ 
rated and the liquid of the film wets the solid, the film is relatively thick (about 7 
molecules thick for water at 25° C.) and the molecules in the surface of the film 
have approximately the same orientation as in the surface of the liquid itself. At 
vapor pressures very slightly below saturation, Harkins and Jura found the thick- 

,0 W. D. Harkins and R. Dahlstrom, Ind. Eng. Chem., 22, 897 (1930). 

71 For theory, see W. D. Harkins, D. F. Young, and G. E. Boyd, J. Chem. Phys., 8, 

954 (1940). 

72 G. E. Boyd and W. D. Harkins, J. Am. Chem. Soc., 64, 1190 (1942). 

73 W. D. Harkins and G. E. Boyd, J. Am. Chem. Soc., 64, 1195 (1942). 
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Table V 


Energy of Separation of a Liquid from the Surface of a Crystalline Solid \t 

25* C.* 



Solid 

Liquid 

Ba- 

SO t 






7.x- 

SiO. 

O raidi¬ 



TiO, 

Si 

SiO, 

ZrOi 

SnOj 

n'*. 

10% 

oxh 

H k » 


A. Energy of Emersion (he or ce), ergs/sq. cm. 


Water 

490 

520 

580 

1551 

1551 

680 

850 

265 


Ethyl alcohol 


500 


520 




250 


Ethyl acetate 

370 

360 


460 


530 




Butyl alcohol 

360 

350 


420 


500 




Nitrobenzene 


280 



310 


430 



Carbon tetrachloride 

220 

240 



270 

320 

410 

195 


Benzene 

140 

150 


150 

190 

220 

260 

225 

123 

Isooctanc 


105 



110 

120 

190 




B. Energy of Adhesion (h A or t A ), ergs/sq. cm. 


Water 


6-10 

700 

720 

720 

800 

970 

wm 


Ethyl alcohol 


550 


570 




155B 


Ethyl acetate 


420 


520 


590 




Butyl alcohol 


400 


470 


550 



(195) 

Nitrobenzene 


360 



390 


510 


Carbon tetrachloride 


300 



340 

380 

470 

255 


Benzene 

210 ! 

220 


220 

260 

290 

330 

295 

193 

Isooctane 


155 



160 

170 

240 


160 


C. Energy of Emersion of TiO, from Pure Butyric Acid and Its Dilute Solution 

in Dry Benzene, ergs/sq. cm.' 


Liquid 

es 

Molecular 

area 

of 

acid, 

A* 

Benzene (very dry) 

150 


Butyric acid (pure and dry) 

400 


Butyric acid (0.0080 mole per kg.) 

380 

25.6 

(Stearic acid, complete monolayer in benzene on TiO*) 


(27.1) 


a Values for liquid mercury are given for comparison. 

h h A cannot he measured directly; the related quantity, h t , the heat of immersion, 
is actually measured. See Table VI. 

' Calculated from Energy Values of Harkins and Dahlstrom, Ind. Eng. Chem., 22, 
879 (1930). 

nesses, in angstroms, to be: water, 15; nitrogen, 36; n-butane, 64; and n-hep- 
tane, 76. Since the thickness increases rapidly as the saturation pressure is ap¬ 
proached, the thicknesses at saturation are presumably considerably higher. 
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Table VI 

Heat of Immersion of Powders in Liquids Relative to Water at 1.000 




' 

Liquid 

TiO, 

nci 

ZrO. 

ll OI immersion 01 po« 

SiOj SnO» 

orr, 

BaSO* 

4 . CIU* 

ZrSiO« 

Graphite** 

Water 

1.00 


1.00 

1.00 

1.00 

1.00 

1.00 

Ethyl alcohol 

0.97 

— 

0.87 

— 




Butyric acid 

Ethyl acetate 

Butyl alcohol 

0.77 

0.69 

_ 

0.78 

0 77 

0.76 

— 


0.67 

— 

0.70 

0.74 

0.73 

— 


Nitrobenzene 

0.55 

0.52 

— 

0.69 

— 

0.50 


Carbon tetrachloride 

0.46 

0.45 

— 

0.48 

0.46 

0.48 


Benzene 

n-Heptane 

Isooctane 

0.28 

0.28 

0.20 

0.32 

0.16 

0.25 

0.32 

0.29 

0.17 

0 28 

0.17 

0.31 

0.23 

0.98 

0.87 


0 0.004% ash. 
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I. INTRODUCTION 

The determination of the osmotic properties of solutions is of value in 
numerous studies in pure and applied science. These properties, which 
depend upon the thermodynamic activities of the components of the solu¬ 
tion, include the vapor-pressure lowering, the freezing-point lowering, the 
boiling-point rise of the solvent, and the osmotic pressure of the solution. 
Aside from the discussion in Section VI of this chapter of several differen¬ 
tial vapor-pressure methods, which might logically be referred to as “gase¬ 
ous membrane” osmometry, the reader is directed to Chapter V for a de¬ 
tailed treatment of vapor-pressure measurements. Similarly, the freez¬ 
ing- and boiling-point methods are covered in Chapters III and IV. 

The measurement of osmotic pressure is particularly useful because the 
magnitude of its effect is such that significant data can be obtained for solu¬ 
tions having solute concentrations as low as 10~ s molal. This compares 
with a minimum molality of 10" 3 for which significant data can be ob¬ 
tained by the other methods. 

Osmotic pressure measurements obtained by means of conventional 
solid-membrane osmometers are not recommended for the characterization 
of solutes of molecular weights of several thousand or less, owing to the 
impracticability of preparing suitably seraipermeable membranes (see Sect. 
III). Fortunately it is in this range that the experimental applicability 
of the other methods cited exists and these should be used. The applica¬ 
tion of solid-membrane osmometry is limited largely to the characteriza¬ 
tion of solutes of molecular or particle weights from 10,000 to 500,000 based 
upon the solution concentrations of from 2 to 20 grams per liter usually em¬ 
ployed. These limits can be extended somewhat with especial attention 
to various details of the measurement. The so-called gaseous-membrane 
osmometers cannot be employed in the measurement of solutes whose 
molecular weights exceed about 10,000, their limitations being those of 
other vapor-pressure methods. 

It cannot be too strongly emphasized that the prime prerequisite in os¬ 
mometry is the procurement of a satisfactorily semipermeable membrane. 
Upon this the entire success of the measurement depends. 


II. THEORETICAL CONSIDERATIONS 
1. General 

The existence of a pressure when a solution is separated from the solvent 
by a semipermeable membrane is thermodynamically due to the difference 
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f the "escaping tendency" or fugacity 1 ’ 1 of a given component (solute or 
solvent) in the solution phase and in the solvent phase. The ratio of the 
fueacities of the solvent in these phases is, by definition, the activity, Oi, of 
the solvent which is related to the partial molal free energy change, Ahi, 
the partial molal volume, V,, and the osmotic pressure, tr, by the equation. 

= _ aP, = -RT In /,//’, - -RT In a, O) 

whore R = the gas constant and T = the absolute temperature. 

For systems which are “ideal" in the sense that they obey Raoult’s law, 
the activity of the solvent in the solution phase is related to the mole frac- 
tion of the solvent, N,, and to the mole fraction of the solute, N,, by the 

relation: 

In ai = In Ni = In (1 — Nj) (2) 

By combining equations (1) and (2), substituting the actual molal volume, 
Vi for the partial molal volume, Vi, and expanding the logarithm into a 
power series in N 2 , we obtain: 

, V , = - «Tln(l - N,) = RT( N, + •/. N| + •/. N* + ...-) (3) 
The mole fraction of the solute is given by the relation: 

C, 


N,= 




(4) 


where C 2 = the concentration of the solute in grams per cubic centimeter 
of solution, Vi, V 2 = the molal volume of the solvent and solute, respec¬ 
tively, and d 7 = the density of the solute. 

Recalling that and combining equations (3) and (4), we have: 


RT [S’, + (m«* 2M?) Cl 


+ 


( 




v« +:Yi\ 

Mi* + 3 M\) ^ + 


-] 


(5) 


where M 2 = the molecular weight of the solute. 

For very dilute solutions, all the terms beyond the first may be neglected 
and the special case known as van’t Hoff’s equation is obtained: 

i The fugacity of a component is equal to its vapor pressure if the vapor is ideal; 
otherwise, it may be regarded as the vapor pressure corrected for nonideality. 

a G. N. Lewis and M. Randall, Thermodynamics. McGraw-Hill, New York, 1923, 

P- 190. ' . . . 

* The activity, as used here, is a relative quantity referring to the activity of a stand¬ 
ard state which is assumed equal to unity. Throughout this chapter we shall use the 
subscripts , and 3 to designate the solvent and solute, respectively. 
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7T = RT'Ct/Mi (tf) 

This equation has been shown experimentally to be applicable to dilute 
solutions of solutes of low molecular weight. Except as a limiting form 
(see Eq. 12), it cannot be applied to nonideal systems, such as high-polymer 
solutions, since their behavior is not characterized by equation ( 2 ). 

To replace equation (2), Flory 4 and Huggins 6 have independently de¬ 
rived a function which is applicable to systems consisting of flexible, long- 
chain molecules dispersed in solvents consisting of small molecules. This 
relation, which includes deviations from ideal behavior is: 

In di = In Vi -f ^1 — Vt + \*V\ ( 7 ) 


where V x and V 2 = the volume fraction of solvent and solute, respectively; 
Vi and V 2 = the partial molal volumes; and m is an empirical term which 
characterizes the components of a given system and may be considered to 
be constant at low concentrations of polymer, i. e., 25 grams per liter or 
less. When n = 0; and Vi/V 2 = 1, which is the case for ideal systems, then: 
Vi = Ni and equation (7) reduces to equation (2). 

By expanding into a power series of V 2 , remembering that V x + V 2 « 1 
and taking the partial molal volumes as equal to the actual molal volumes, 
Vi and V 2 , we have: 

- lnai = [Vt + l /tV\ + V *V\ +...] - V 2 + Wi/VfVt - nV\ (8) 
- In fll = (V,/V 2 )E 2 + ( l A - n)V\ + y.F| +.... (9) 


Combining equation (1) with equation (9), remembering that V 2 * 
C 2 /di and that Vi M x /d x and V 2 = Mi/tk, the final relation becomes: 


C 2 


RT RTdi 
Mi + M x dl 


6 ■ w ) 


C 2 4* 


RTdi 
3 M x d> 


C| +.... 


( 10 ) 


or, transposing the third term on the right: 


* RTdx n _RT RTdifl _ \ r 
C, 3 Midi 1 M, + MidJ \2 *7 * 



(ID 


where C 2 = the concentration of the solute in grams per cubic centimeter, 
d lf d 2 = the density of the solvent and solute, respectively, M x , M 2 = the 
molecular weight of the solvent and solute, respectively, R = the gas con¬ 
stant expressed in units consistent with r and C 2 , and T = the absolute 
temperature. 


4 P. J. Flory, J. Chem. Phys ., 9, 660 (1941); 10, 51 (1942). 

6 M. L. Huggins, J. Chem. Phys., 9, 440 (1941); J. Phys. Chem., 46, 151 (1942); 
Ann. N. Y. Acad. Sci., 43, 1 (1942); 44, 431 (1943); J. Am. Chem. Soc., 64, 1712 
(1942). 
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Whether the third term of equation (10) has any appreciable contribu¬ 
tion to tr/Ci ''dll depend upon the magnitude of C 2 and on the magnitudes 
If the quantities comprising its coefficient. It should always be considered 
in evaluating the quantity m, and it is advisable, for reasons of accuracy in 
the extrapolation procedure, to include it in the evaluation of molecular 



Fig. 1.—Dependence of reduced osmotic pressure on concentration.® 


weights. In figure 1 the effect of this term is shown for polyisobutylene- 
cyclohexane solutions at 25° C. 6 The black points are plotted according 
to equation (10) but without the third term; the open circles are plotted 
according to equation (11). The progressive and much more pronounced 
departure from linearity in the former case should be noted. 

The infinite dilution value of tt/C 2 or r/C 2 — RTd\Cl/3Midl, as the case 
may be, is inversely proportional to the number-average molecular weight, 
M 2 , of the solute, thus: 

(12) 


• P. J. Flory, J. Am. Chem. Soc., 65, 372 (1943). 



492 


R. H. WAGNER 


The number-average weight is to be distinguished from other averages 
such as the viscosity-, weight-, and Z-average molecular weights . 7 If the 
solute molecules are all of the same chain length or size, all averages will 
be numerically identical; if they are not homogeneous and possess a fairly 
wide range of size distribution, these averages will be different. 

According to Huggins 8 the magnitude of the quantity p depends pri¬ 
marily upon: (/) the heat of mixing , 9 ( 2 ) the absolute temperature, p = 
a + 0/T, where a and /3 are constants, and (3) the concentration of the 
solute. In the concentration range from zero to about 2.0 g. per 100 cc. 

/i is virtually independent of the solute concentration and, for a given tem¬ 
perature, depends almost completely on the heat of mixing. As a conse¬ 
quence of this, p can be taker* as a measure of the attraction between the 
various molecular species comprising the solution. The larger the mag¬ 
nitude of /i, in a positive sense, the greater the indicated tendency of like 
molecules to aggregate, leading ultimately to a separation into two phases. 

Some experimentally determined values of this quantity ranging from 
0.14 to 0.91 are given in table I. Values of p greater than about 0.5 to 
0.6 cannot be obtained by osmometry as they are representative of systems 
in which only limited swelling occurs. Negative values of p are possible, 
and are to be interpreted as evidence extremely of strong attraction be¬ 
tween the solute and solvent molecules. 

As a rule p does not vary appreciably in magnitude with variation of 
average molecular weight of the solute, although considerable divergence 
is very often noted with the highest and the lowest members of a series of 
fractions. While not definitely known, the reason for this may be due to a 
pronounced difference in chemical composition or to the presence of some 
impurity or impurities. If the p value characteristic of a given solute- 
solvent system is definitely and accurately known, the osmotic pressure of 

7 These averages have been defined by: Flory, J. Am. Chem. Soc., 65, 372 (1943); 
Kraemer and Lansing, J. Phys. Chem., 39, 153 (1935); Lansing and Kraemer, J. Am. 
Chem. Soc., 57, 1369 (1935). 

• M. L. Huggins, Ann. N. Y. Acad. Sci., 44, 431 (1943). 

9 See J. H. Hildebrand, Solubility of Non-electrolytes. 2nd ed., Reinhold, New York, 
1936, Chapter 3. 

10 Unpublished results of the author. 

11 O. Hagger and A. J. A. van der Wyk, Helv. Chim. Acta, 23, 484 (1940). 

'* C. G. Boissonnas and K. H. Meyer, Helv. Chim. Acta, 20, 783 (1937). 

18 G. V. Schulz, Z. physik. Chem., A176, 317 (1936). 

14 H. Staudinger and J. Schneiders, Ann., 541, 151 (1939). 

14 H. Staudinger and K. Fischer, J. prakl. Chem., 157, 19 (1940). 

18 E. Wolff, Helv. Chim. Acta, 23, 439 (1940). 

17 G. Gee, Trans. Faraday Soc., 36, 1171 (1940). 

18 E. Posnjak, Kolloid-Beihefte, 3, 417 (1912). 

18 A. R. Kemp and H. Peters, Ind. Eng. Chem., 33, 1263 (1941). 
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a solution at a single finite concentration will suffice to yield, through calcu¬ 
lation, the infinite dilution value of x/C,. 


Table I. Values of m tor Various Systems 


Polymer 

Solvent 

Temp.. 

0 C. 

#*i 

Rof. 

Cellulose acetate 

Cellulose triacetate 

Cellulose nitrate 

Cellulose nitrate 

Cellulose nitrate 

Cellulose acetate butyrate 
Cellulose tributyrate 
Polyvinyl acetate 

Polyvinyl ch oridc 

Polyvinyl chloride 
Gutta-percha 

Gutta-percha 

Gutta-percha 

Balata 

Hydrorubber 

Cyclized rubber 

Rubber 

Rubber 

Polystyrene 

Polyisobutylene 

Polyisobutylene 

Acetone 

Tetrachloroethanc 

Cyclohexanone 

Acetone 

Acetone 

Acetone 

Acetone 

Acetone . 

Tetrahydrofuran 

1,4-Dioxane 

Carbon tetrachloride 
Toluene 

Benzene 

Toluene 

Toluene 

Toluene 

Benzene +■ 10% ethanol 
Carbon tetrachloride 
Cymenc 

Cyclohexane 

Tetrachlorocthnne 

Chloroform 

Cumene 

Light petroleum 

Acetylene dichloride 
Toluene 

Benzene 

Amyl acetate 

Carbon disulfide 

Benzene + 15% methanol 
Ether 

Benzene 

Toluene 

Ethyl laurate 
n-Propyl laurate 

Isopropyl laurate 
n-Butyl laurate 

Isobutyl laurate 

Isoamyl laurate 

Benzene 

Cyclohexane 

25 

24.4 

27 

25 

25 

25 

25 

25 

27 

27 

27 

27 

25 

27 

27 

27 

25 

15-20 

15-20 

6.5 

15-20 

15-20 

15-20 

25 

15-20 

27 

25 

25 

25 

25 

15-20 

5 

27 

25 

25 

25 

25 

25 

25 

25 

25 

0.41 

0.29 

0.15 

0.30 

0.25 

0.34 

0.36 

0.44 

0.14 

0.52 

0.28 

0.36 

0.52 

0.30 

0.45 

0.46 

0.26 

0.28 

0.33 

0.33 

0.30 

0.37 

0.38 

0.43 

0.43 

0.43 

0.44 

0.49 

0.49 

0.50 

0.55 

0.2 

0.44 

0.47 

0.62 

0.71 

0.74 

0.85 

0.91 

0.50 

0.43 

10 

11 

12 

13 

10 

20 

10 

26, 27 

14 

14 

15 

15, 16 

20 

15 

15 

15 

17 

18 

18 

19 

18 

18 

18 

28 

18 

15,21 
18, 22, 28 
17 

23 

17 

18 

24 

13 

25 

25 

25 

25 

25 

25 

6 

6 


» J. W. Tamblyn, D. It. Morey, and R. II. Wagner, Ind. Eng. ('hem., 37, 573 (1945). 
« K. H. Meyer, E. Wolff, and C. G. Boissonnas, Helv. Chim. Ada, 23, 430 (1940). 

12 H. Kroepclin and W. Brumshagen, Ber., 61, 2441 (1928). 

2J P. Staraberger, J. Chem. Soc., 1929, 2318. 

24 A. R. Kemp and H. Peters, Ind. Eng. Chem., 34, 1097 (1942). 

24 J. N. Bronsted and K. Volquartz, Trans. Faraday Soc., 35, 576 (1939). 

“ R. E. Robertson, R. McIntosh, and W. K. (Ini'nmiM, Can. J. Research, B24, 150 
(1946). 

17 A. F. Sirianni, el al.. Can. J. Research, B25, 301 (1947). 

» W. A. Caspari, J. Chem. Soc., 105, 2139 (1914). 
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2. Donnan Membrane Equilibria 

If the nondiffusible particle is charged, the observed osmotic pressure 
will not, in general, be due solely to the particle itself. Associated with it 
are a number of ions of opposite charge, with the result that the distribution 
of these otherwise diffusible ions will be unequal on the two sides of the 
membrane and will thus contribute to the total pressure. If the nondif¬ 
fusible particle is an ampholyte and is maintained at its isoelectric point, its 
net charge will be zero (by definition) and the activities of the associated 
electrolytic ions will be so nearly identical in the solvent and solution 
phases that their contribution will be nil. This procedure has been em¬ 
ployed frequently to circumvent the Donnan effect despite the difficulties 
associated with the strong tendency of many solutes to aggregate, de¬ 
nature, etc., at the isoelectric point. 

The unequal ion distribution produced by the presence of a nondiffusible 
charged particle was predicted by Gibbs 2 * but was first specifically de¬ 
scribed and experimentally proved by Donnan, 30 - 31 after whom it is named. 
It may perhaps be most easily understood by considering a simple case in 
which C p moles of gelatin having an effective net charge, n p , are dissolved 
in a salt solution containing C, moles of sodium chloride at a constant pH. 
If, now, this solution is separated by a membrane impermeable to gelatin 
but permeable to all other components from a solution containing no gela¬ 
tin but otherwise identical, the net result will be a displacement, 6, of 
sodium and chloride ions into the solvent or dialyzate phase. If the pH is 
such that the gelatin has a net negative charge, the situation at equilibrium 
will be: 


n,C, = 
(C. - «) = 
(C. - S) = 


[GV] 

[Na + ] 

[Na + ] 

[C1-] 


M 


(Na + ] 

[CI-] 


= (C. + h) 

= (C. + i) 


The thermodynamic condition for equilibrium is that the product of the 
activities of the diffusible ions in the gelatin solution be equal to the prod¬ 
uct of the activities of the ions in the dialyzate, or: 


(a*a*)i(<*ci-)i = (<wMaci -)2 


(13) 


where subscripts 1 and 2 refer to the solution and the dialyzate, respectively. 
Assuming that the activity coefficients of the ions be taken as unity, we may 
replace the activities by concentration terms, and equation (13) becomes: 


* J. W. Gibbs. Trans. Conn. Acad. Sci., 3, 228 (1876). 

30 F. G. Donnan, Z. Eleclrochcm., 17, 572 (1911). 

31 F. G. Donnan, Chem. Revs., 1, 73 (1924). 
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[C. - a + nfi 9 \\C 9 - 5] = [C. + 5] 2 


Solving for 6, we have: 


6 = 


iipCpC, 

4 C, + n P C p 


(14) 


(15) 


The osmotic pressure of the system, T obs , will be the sum of the osmotic 
pressure due to the polymer, t p , and that due to the ion distribution, t,, 
or: 

-*> + *«-*,+ /er[n p C p + 2(C. - 5) - 2(C, + 5)] - 

tt p + RT\n p Cp - 46] ( 16 ) 

Combining equations (15) and (16), we obtain: 

'“-'• +BT Jcf¥b; s '- +R7 ' ! ff <17> 

It should be pointed out that the n p C p /(4 C, + n p C p ) term is the first 
term of a power series, and since it is small (^0.0001), higher powers of it 
may be neglected. The approximation produces an error of 0.10%, or less, 
in ?r p , for C, ^ 0.10 molar. 

The analogous equation for sodium sulfate (unibivalent salt) is: 


7T 0 b- 


. - * P + RT 


2 nlClC, + n' p Cl 
24 C, + 8 npCpC, + nlCl 


s 7T P + RT 


n pCj 

12 C, 


(18) 


Equations (17) and (18) refer to either a positively or a negatively charged 
polymeric ion. 

The molal quantities, n p and C p , cannot be evaluated unless the molecu¬ 
lar weight of the polyion is known. However, since C p = Ct/Mf 10 3 
and n v — n 9 M 2 , where n g is the mean effective charge per gram of poly¬ 
mer, we may write: 

n p C p = nflr10 3 (19) 

Both n p and n Q are in faraday units. 

Values of n„ may be obtained from electrophoretic measurements, 32 or 
from the determination of the amount of acid or of base bound by means of 

32 See H. A. Abramson, L. S. Moyer, and M. H. Gorin, Electrophoresis of Proteins and 
the Chemistry of Cell Surfaces. Reinhold, New York, 1942, Chapters 5 and 6. 
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titration data. 33 The relation between n g and the pH of the solution are 
shown in figure 2, for several proteins. 

Example: A gelatin solution, of pH 5.3, containing 2.5 g. of lime-processed 
gelatin per 100 cc. and 0.4 mole of sodium chloride per liter, shows an observed 
osmotic pressure of 10.00 cm. of solution ( d . = 1.014) at 25° C. after correcting for 
capillary effects. In atmospheres, the observed pressure is 10.0 X 1.014/1033 = . 
9.80 X 10 -3 . From figure 2, we obtain the value of 24 X .10“* for n g , from which 



Fig. 2.—Dependence of n 9 on pH: (A) carboxy hemo¬ 
globin (Cohn, Green, and Blanchard); ( B) gelatin, calf 
skin, egg albumin (Cannan el al.)\ (C) serum albumin 
(horse) (Cohn, Strong, and Blanchard); ( D ) dcaminated 
gelatin (Lichtenstein). All curves obtained from titra¬ 
tion data. 


n g C 2 X 10* = n p C p = 3.6 X 10~* is obtained. Since RT = 24.45 liter atm. at 
25° C., we have: 

.mt, = RT = 24.45- 3 ' 6 * 6 10 - = 0.55 X lO’ 3 atm. 

7 T P = 7T 0 ba. - t, = (9.80 - 0.55) X 10" 3 = 9.25 X 10- 3 atm. 

” See E. J. Cohn and J. T. Edsall, Proteins, Amino Acids and Peptides. Reinhold, 
New York, 1943, Chapter 20. 
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Adair 34 and Adair and Robinson 35 have studied the Donnan distribution 
* buffered protein systems by measuring membrane potentials. These 
m tentials were determined as a function of the protein concentration 
{activity), the diffusible electrolyte concentration being kept constant. 
For hemoglobin, the simple relation: C p = 0.11m, and for serum albumin, 
the more complex relation: C p = O.OlOu + 0.050u 2 were found. The 
quantity it is proportional to E mt the membrane potential, at a given tem¬ 
perature (m = E m F/RT). 

Adair derived the thermodynamically exact equation: 

xi = RTg f Q U nfijiu (20) 


which expresses the ion pressure contribution, ir l} as a function of the molal 
charge, the molal concentration of polymer, and the membrane potential 
of the system; g is Bjerrum's osmotic coefficient which is the resultant 
activity coefficient of all ions in the dialyzate. 

Adair showed that the approximation: 

n,C p ^M?C:nJ (21) 


is applicable for dilute solutions for which the membrane potential does 
not exceed one millivolt. The quantity, SC'n?, which is twice the ionic 

strength of the dialyzate, is independent of u. Thus, by combining equa¬ 
tions (20) and (21) and integrating, the approximate relation: 




RT 


njCj 

2 ?Crn? 


( 22 ) 


may be obtained. 36 The example given earlier (page 496) will illustrate 
the use of this equation. The ? CTn* term is defined by the relation: 

? Cin\ = CTn? + d n| + CJnJ +.... (23) 


where Ci, Cj, Cj... represent the ionic concentrations in the dialyzate 
in moles per liter; and n lt n 2 , n 3 ... are the corresponding valences. If, for 
example, we consider the dialyzate of the composition given in table II, we 
have: 


« G. S. Adair, Proc. Roy. Soc. London, A120, 573 (1928); A126, 16 (1929); A108, 
627 (1925). 

» G. S. Adair and M. E. Robinson, Biochem. J., 24, 1864 (1930). 
w For further references in connection with the validity of equations (20) and (22), 
see articles by N. Bjcrrum, Z. physik. Chem., 110, 656 (1924); G. S. Adair and M. E. 
Adair, Biochem. J., 28, 199, 1231 (1934); and S. G. Chaudhury, J. Phys. Chem., 50, 486 
(1946). 
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— 

Ions 

< 

ni 

»: 

« 

K + 

0.100 

1 

1 

0.100 

ci- 

0.100 

1 

1 

0.100 

2 Na + 

0.122 

1 

1 

0.122 

HPO,-- 

0.0613 

2 

4 

0.245 

K + 

0.0053 

1 

1 

0.0053 

h,po 4 - 

0.0053 

1 

1 

0.0053 


2 C'n\ = 0.578 

i * • 


Thus, using this solution instead of 0.4 M sodium chloride, the previous ex¬ 
ample would yield: 


_ ffT nlCl , 

'» “ K 2?C'nJ 

( 9 . 8 O X 10-' - 24.45 = 9 04 X 10~* atm. (24) 

Equation (22), which is identical with the approximate forms of equa¬ 
tions (17) and (18), provides a very convenient method of evaluating the 
ion pressure contribution without necessitating membrane potential meas¬ 
urements. The agreement obtained in the values of *■< calculated by 
means of this equation and those calculated from equation (20) using mem¬ 
brane potential data are illustrated in columns 6 and 5, respectively, of 
table II. 


Table II 

Osmotic Pressure Data of Sheep Hemoolobin (Adair) 

Solutions, at 0° C., equilibrated with 0.10 M KC1; 0.0613 M Na*HPO« 
and 0.0053 M KH,PO.. pH = 7.8. SC'n? = 0.578. n, - -8.0 


cm. of water-> 


Ct. 

g./ml. 

"A 

Em. 

mv. 

*ot». 

(Eq'^O) (Eq! 22) 


0.0068 

8.15 

-0.025 

2.58 

0.01 

0.01 

2.57 

0.0221 

26.50 

-0.080 

8.40 

0.12 

0.13 

8.28 

0.0290 

34.75 

-0.110 

11.65 

0.22 

0.24 

11.43 

0.0358 

42.90 

-0.135 

15.15 

0.33 

0.36 

14.82 

0.0500 

60.00 

-0.190 

20.30 

0.66 

0.72 

19.84 

0.0800 

95.90 

-0.305 

28.20 

1.71 

1.81 

26.49 

0.1000 

120.0 

-0.385 

39.00 

2.71 

2.87 

36.29 

0.1200 

144.0 

-0.460 

54.50 

3.88 

4.07 

50.62 

0.1550 

186.0 

-0.600 

91.20 

6.60 

6.90 

84.60 

0.2000 

240.0 

-0.770 

150.00 

10.88 

11.50 

139.12 
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In the absence of specific membrane data, it seems justifiable, therefore, 
to Calculate the probable contribution of the diffusilde .on by means o 
1 finn (22) provided the ion pressure does not exceed 5% of the tota 
prei- In general, this should be assured by the following 

CO mThe solution and solvent (dialyzate) should be buffered at a pH 

sufficient to provide a small, but finite, value of n„. , . 

(2) The concentration of the nondiffusible particle should be kept as 

small as possible, never exceeding 25 grams per liter (C 2 - 0.025). 

(3) A concentration of neutral and/or buffer salts should be used that 
will provide an ionic strength of not less than 0.3 mole per liter. 


III. MEMBRANES 

Membranes may be either gaseous or solid. Gaseous membranes, which 
consist simply of the vapor phase between two vessels containing the sol¬ 
vent and solution, respectively, are limited in their application (see page 
541). Solid membranes, on the other hand, have a considerable range of 
semipermeabilities depending upon the particular material used and upon 
the manner of its preparation and pretreatment. 

Two types of solid membranes can be distinguished: (/) the suellable 
organocolloid materials, such as cellulose, gelatin, rubber, etc.; and (St) 
the nonswcllablc inorganic materials represented by the classical coppei 
ferrocyanide precipitation membrane, porous metal foils, porous glass, 
etc. From the standpoint of general utility, the swellable materials are 
most important. Although ferrocyanide precipitation membranes can be 
prepared so as to be impermeable to sucrose," they are seldom employed 
due to difficulties encountered in preparing them and to the availability ol 
other methods in which no (solid) membrane is used. 

The many observations of the diverse behavior of both types of mem¬ 
branes indicate that their permeabilities depend largely upon the chemical 
composition of the membrane, its electrical properties, and its porosity. 
The porosity, which is a measure of the “openness” of the fine structure, is 
usually evaluated by measuring the rate at which simple (permeating) 
liquids flow through a given area and thickness of membrane under a defi¬ 
nite pressure gradient. The porosity is often expressed as the average pore 
diameter, or APD, of the material; an excellent discussion of the meaning, 
the physical significance, and the evaluation of this quantity is given by 

« H. N. Morse and J. C. W. Frazer, Am. Chem. J„ 34, 98 (1905); Publication 198, 
Carnegie Institute of Washington, Washington, 1914. 
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Ferry. 38 It is important to note that porosity does not, in general, com¬ 
pletely determine the permeability. 

Permeability is the ability of a particle (ion, molecule, or molecular 
aggregate) to permeate the membrane. Although a given class of particles’ 
either is or is not permeable in an ultimate sense-, the situation is often 
found in which a class, while idtimately able to pass through, does so at a 
rate which is sufficiently slow that, for the purposes of osmometry, the 
membrane may be considered to be impermeable to it. 

1. General Considerations of Membrane Behavior 

Of the theories of membrane semipermcability which have been pro¬ 
posed, the adsorption theory 39 appears to be the most probable. It is more 
general than the older solubility theory , suggested by Liebig in 1848, and 
probably includes it (see page 501). 

The molecxdar sieve theory proposed by Trail be, 40 in which it is asserted 
that the porosity (APD) alone determines the semipermeability, has been 
completely discredited by later experiments. 41 

The solubility theory postulates that membranes should be permeable 
to those substances which dissolve in them and impermeable to those which 
do not. Although much evidence has been collected indicating the reason¬ 
ableness of this hypothesis for organocolloid membranes, it seems inade¬ 
quate when applied to inorganic membranes, since for these there is little 
or no evidence of solubility (swelling) or of chemical reaction. 42 

To account for the known semipermeabilities of inorganic membranes, 
Mathieu 43 suggested that the solvent was preferentially adsorbed on the 
interstitial surfaces in the membrane with an intensity which is sufficient to 
fill the interstices completely with adsorbed liquid. It was suggested that, 

M .1. I). Ferry, Chem. Hers., 18, 373 (1936). 

W J. Mathieu, Ann. Physik, 9, 340 (1902). A. Nathanson, Jahrber. wiss. Botan., 
40, 431 (1904). F. Tinker, Proc. Roy. Soc., London, A92, 357 (1916); A93, 266 (1917). 
W. D. Bancroft, J. Phys. Chem., 21, 441 (1917). II. B. Wciser, Colloidal Salts, 1st ed., 
McGraw-Hill, New York, 1928, p. 283. 

40 M. Traube, Arch. Anal. Physiol., 86 (1867). 

4 « M. Lhermite, Ann. chim. phys., 43, 420 (1855). G. Tammann, Z. physik. Chem., 
10, 255 (1892). P. Walden, ibid., 10, 699 (1892). I. Traube, Phil. Mag., 8, 704 (1904). 
P. S. Barlow, ibid., 10, 1 (1905). A. Findley and F. C. Short, J. Chem. Soc., 87, 819 
(1905). L. Kahlcnberg, J. Phys. Chem., 10, 169 (1910). 

41 S. L. Bigelow and A. Gemberling, J. Am. Chem. Soc., 29, 1576 (1907). S. L. Bige¬ 
low, ibid., 29, 1675 (1907). S. L. Bigelow and F. E. Bartcll, ibid., 31, 1194 (1909). 
S. L. Bigelow ami C. S. Robinson, J. Phys. Chem., 22, 99, 153 (1918). F. E. Bartcll, 
./. Phys. Chem., 15, 659 (1911); 16, 318 (1912); J. Am. Chem. Soc., 36, 646 (1914). 
F. E. Bartcll and C. I). Ilockcr, ibid., 38, 1036 (1916). 

4 * J. Mathieu, Ann. Physik, 9, 340 (1902). 
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lor these conditions, the solute was not only not adsorbed, i. e., neg«i- 
Sly adsorbed, but was incapable of dissolving in the adsorbed advent, 
nhv oroducing an effective barrier to the solute molecules. With 
1 regressive increase in the APD of the membrane, the liquid (solvent) in 
^center of the pores, most remote from the walls, would be increasingly 
ess strongly adsorbed, solute solubility therein would eventually become 
nnssible and the membrane thereby become permeable to the solute. 

P A somewhat different situation involving the known impermeability 
cooner ferrocyanide precipitation membranes to ferrocyamde ion and the r 
nermeability to the appreciably larger phosphomolybdate ion was rationa - 
P ed on the basis of adsorption" in the following manner. After demon¬ 
strating the strong adsorption of ferrocyanide ion and the weak adsorptio 
of the phosphomolybdate ion on the material comprising the membiane, 
Weiser postulated that strongly adsorbed solutes were irreversibly hel 
throughout the pore space—provided the latter was not too large the by 
producing what might be described as an immobile electrokinetic barrier 
that other solute ions could not pass. Weakly adsorbed ions, on the other 
hand were not irreversibly held at all points in the pore space (of compara¬ 
ble APD to the above case), and solute permeation was possible. It will 
be evident that progressive increase in APD should be expected ultima e y 
to render the material permeable to solutes which are strongly adsorbed 

on the interstitial walls. . , 

The swelling which is characteristic of organocolloid materials has been 

described as a unilateral limited solubility of the solvent component in 
them. 45 Since swelling, in its initial phases at least, is closely associated 
with adsorption, 46 it seems reasonable to extend the adsorption theory ot 
semipermeability to organocolloid foils and to integrate with it the solu¬ 
bility theory and all supporting evidence pertaining to them. 

The apparent APD of lyophilic membranes will depend not only upon 
the manner in which they were produced but also upon the degree of swell¬ 
ing brought about either by the solvent of the system to be measured or by 
another liquid which is subsequently displaced by this solvent. ^ lhe 
magnitude of the adsorption forces at the interstitial wall will be deter¬ 
mined by the chemical and electrical properties of the membrane material, 
the solvent, and perhaps the solute as well. The magnitude of these forces, 

«• H B. Weiser, Colloidal Sails, 1st ed„ McGraw-Hill, New York, 1928, p. 283; 
Colloid Symposium Monograph, 7, 275 (19301; Inorganic Colloid Chcm.slry ' 

Wiley, New York. 1938, Chapter 18. H. B. Weiser. J Phys. Chen 34 826 (1930 
4i j. Bronsted and K. Volquarlz, Trans, haraday Soc., 35, o7G (193J). G. G , 

' bU « Il’lf B u^T. Am. Chem. Soc., 66, 1499 (1944). A. B. D. Cassic, Trans, b'ararioy 
Soc., 41, 458 (1945); ibid., 43, 615 (1947). L. Pauling, J. Am. Chem. Soc., 67, oo5 
(1945). 



502 


R. H. WAGNER 


integrated in and across all interstices, will be a function not only of the 
magnitude of the maximum force obtaining at the walls but also of the 
APD of the membrane. Similarly, the minimum adsorption force field 
at the center of the pores will depend on the same factors. These fields of 
adsorption forces, which will largely if not completely determine the ther¬ 
modynamic activities of the solution components in the membrane phase, 47 
are the fundamental basis upon which the property of semipermeability 
might be explained. 


Table III 

Retentivity of Collodion Ultrafilter Membranes According to Elford*' 

and Bauer and Hughes*' 


Material retained 


By 

membrane 
having 
APD. m* 

Probable magnitude 
of particle axes, mji* 
Minor Major 

Molecular 

weight 

Egg albumin 


5-6 

2.5 

10.0 

43,000 

Oxyhemoglobin 


10 

5.6 

9.0 

68,000 

Serum albumin 


9-10 

7.8 

46.8 

70,000 

Serum globulin 


11-12 

6.0 

48.0 

150,000 

Kdcslin 


18 

5.2 

46.8 

300,000 


(Limit of present-day osmometry) 

1,000,000 

Helix heinocyanin 


55 

18 

90 

7,000,000 

Tobacco mosaic virus 

65 

15* 

330* 

17,000,000 


" Values calculated from data given by Elford and from the axial ratios given in 
Chapter 22 of Cohn and Edsall's book (see General References). 

6 Data quoted in Cohn and Edsall's book, page 539. 


The above very brief considerations suggest that any material might be 
expected to behave in a semipermeable manner toward a given solute- 
solvent system, if: 

(/) (a) The material swells in the solvent to an extent of at least 25% 
increase in dry thickness; or (6) the material shows other nonswelling evi¬ 
dence of preferential adsorption of the solvent; or (c) the material strongly 
and irreversibly adsorbs the solute. In this connection the studies of 
Hitchcock, of Palmer and of Dow on the adsorption of gelatin, egg albu¬ 
min, and other proteins on collodion may be helpful. 48,49 

47 F. A. II. Schreinemakcrs, Proc. Acad. Sci. Amsterdam, 27, 701 (1924), and many 
subsequent papers in this journal; Rec. trav. chim., 50, 221, 883 (1931); ibid., 51, 218, 
564 (1932). Y. Fu, R. S. Hansen, and F. E. Bartcll, J. Phys. & Colloid Chem., 52, 374 
(1948). 

** D. I. Hitchcock, J. Gen. Physiol., 8, 61 (1928). 

« A. II. Palmer, ibid., 15, 551 (1932). P. Dow, ibid., 19, 907 (1936). 

“ \V. J. Elford, J. Path. Pact., 34, 505 (1931); Trans. Faraday. Soc., 33, 1094 (1937). 

61 .1. H. Bauer and J. P. Hughes, J. Gen. Physiol., 18, 143 (1934-35). 
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The average pore diameter (APD) of the material does not exceed 
Jo or Three times the probable effective diameter of the solute part.cle 

^r^heeLtric charge on the membrane, whether inherent or induced 
is of the same sign as the (net) charge of the solute part.cle, .f the latter is 

Ch n 6 must be emphasized, however, that these tentative criteria are in- 
. L nrimarily as an aid in the orientation of the reader and as a possible 
ndextn their selection. The actual performance of a given material towa.d 
.iven solute-solvent system can be ultimately and finally judged only by 
suitable analyses of the dialyzate at the conclusion of an osmotic pressure 

(d Although theTarallelism between porosity and permeability is not exact, 
as has been noted previously, it is felt that the compilation given m table 
III may be helpful as a guide to the approximate APD to be sought. 

2. Collodion Membranes 

The properties of collodion membranes prepared from collodion solu¬ 
tions have been studied more extensively than any other material, a- 
though their use is largely limited to aqueous solutions because of solubility 
or excessive swelling in many organic liquids. A collodion solution s 
usually understood to be a solution containing from 2 to 8% cellulose ni¬ 
trate Tf from 11 to 13.5% nitrogen, in a mixture of absolute ethyl alcohol 
»d inhytou, diethyl ether; .hue, “4% eollodi.n.l :2" would to 
describe a solution containing 4 grams of cellulose nitrate dispel sed in a 
mixture of 1 part of ethyl alcohol and 2 parts of ether, by volume, in a suf¬ 
ficient quantity to make 100 cc. of solution. 

The cellulose nitrates usually employed are commercial products. 
Those most often described in the literature are: (/) Schenng s Celloidin, 
a German product not obtainable at present; (2) Necol, manufactured by 
the Nobel Chemical Industries, Ltd.; (S) Parlod.on, obtainable from the 
Mallinckrodt Chemical Works, St. Louis. The equivalence of these ma¬ 
terials with regard to the properties of the resultant membranes prepared 
from them is uncertain in the few cases where they have been compared. 

Thin foils are prepared by coating appropriate solutions onto a leveled 
glass or metal plate, a mercury surface, or the inner or outer surface of a 
flask or test tube. The solvent is allowed to evaporate, partially or com¬ 
pletely, under controlled conditions and the resultant gel conditioned m 
water or other suitable liquid. The porosity of collodion membranes can 
be varied over a wide range, depending upon: (/) the percentage of cellu¬ 
lose ester used in the solution; (2) the volume of solution used per unit of 
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coating area; (3) the composition of the solvent; (4) the length of time 
and the rate at which the solvent is allowed to evaporate before condition¬ 
ing; or (6) the length of time in, and the composition of, the swelling liquid 
in which completely dried foils are swollen prior to conditioning; and (6') 
the temperature and relative humidity prevailing during the solvent evap¬ 
oration stage. The effect of the nitrogen content of the ester on porosity 
has not been studied. 

Increasing the first two factors increases the mechanical strength and 
the thickness of the membrane. The thickness should, in general, be kept 
at a minimum consistent with adequate strength, since the rate of diffusion 
of permeable materials (solvent) is markedly affected thereby, whereas the 
range of permeability is only slightly affected. 

Membranes which have been allowed to dry out thoroughly under con¬ 
ditions of low humidity generally are of low porosity. Northrop, 62 for 
example, prepared very thin membranes from 4% collodion-1:3 which 
were permeable to water, ammonium hydroxide, formic acid, and acetic 
acid, but impermeable to strong electrolytes, sugar, and glycerin by allow¬ 
ing the solvent of the coating to evaporate for two days in a completely 
dry atmosphere. The resultant materials had an APD of 2 m/z, or less, 
and showed selective ion permeabilities, t. e. f were permeable to cations, 
impermeable to anions. 

Although collodion foils, as ordinarily prepared, are negatively charged, 
Mond and Hoffman 63 found that the charge could be reversed by staining 
the membrane with the basic dye, rhodamine B, and coincidentally revers¬ 
ing the selective ion permeability. Later, it was found that basic fuchsin, 
methylene blue, phenylenediamine, certain alkaloids, 64 and the prota¬ 
mines, 66 a class of very basic, low molecular weight (3000) polypeptides, acted 
similarly. Membranes of progressively greater APD ultimately lose the 
property of selective ion permeability. 

A method of preparing membranes having a graded series of porosities 
has been descr bed by Brown 66 in which the completely dried foils were 
swollen in ethanol-water mixtures of various ratios. The “alcohol in¬ 
dices/ 1 defined as the volume percentage of alcohol in the swelling mixture 
required to produce membranes impermeable to a number of solutes, are 
given in table IV. All of his membranes were permeable to ordinary ions, 
e. g., Na + , NHf, Cl“, SO", etc. 

M J. H. Northrop, J. Gen. Physiol., 11, 233 (1928). See also: L. Michaelis, Biochem. 
Z., 158, 28 (1925); W. Erschler, Kolloid-Z., 68, 289 (1934). 

41 R. Mond and F. Hoffman, Arch. ges. Physiol. Pflugcrs, 220, 194 (1928). 

" W. Wi 1 brandt, J. Gen. Physiol., 18, 933 (1934-35); Trans. Faraday Soc., 33, 957 
(1937). 

“ K. Soil nor and I. Abrams, J. Gen. Physiol., 26, 369 (1942-43). 

“ \V. Brown, Biochem. J., 9, 591 (1915). 
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Table IV 

ntivity of Collodion Membranes as Related to Their Alcohol Indices 

KETBNTIVITY OF (AFTER BROWN*) 


Solute retained 

Charge of 
undiffimblc 
particle 

Unassorted 

molecular 

weight 

Alcohol 

index 

Potassium permanganate 
picric acid 

Bismarck brown 

Methylene blue 

Neutral red 

Snfraninc 

Dextrin 

Aniline blue 

Congo red 

Night blue 

+ 

+ 

+ 

+ 

None 

+ 

f(pH)7 

+ 

158 

229 

227 

374 

248 

286 

? 

319 

696 

539 

30-40 

35-40 

60-70 

65 

70 

72-75 

85-88 

92 

96 

96 

The membranes were produced by dippin K a test tube or small flask into an 8% 
nllndion-1:1 and allowing it to drain in an inverted position for 5 minutes inside 

C rover iar to retard the rate of evaporation. The mandrel was then immediately 
immersed in water, the foil carefully removed, and further washed in water at room 

Table V 

Errr.cT on Membrane Porosity OP^onmoN or Various Liquids to Collodion 

Liquid 

Effect 

Rcfcrcnco 

Water 

Ethyl acetate 

Lactic acid 

Glycerol 

Castor oil 

Ethyl formate 

Amyl alcohol-acetone 
Ethylene glycol 

Acetone 

Ethyl alcohol 

Ethyl ether 

Amyl alcohol 

Acetic acid 

Ethylene glycol mono¬ 
ethyl ether 

Increases porosity markedly 
Increases porosity markedly 
Increases porosity markedly 
Increases porosity 

Increases porosity 

Increases porosity 

Increases porosity 

Increases porosity 

Increases porosity 

Increases porosity 

Decreases porosity 

Decreases porosity 

Decreases porosity 

Decreases porosity markedly 

60 

62 

59 

58, 59 

58 

62 

50,51,60, 62 

61 

62 

57, 59, 60 

57, 59, 60 

62 

59 

63 


G. Malfitano, Rev. gin. sci., 19, 617 (19081. 

48 A. Schoep, Kolloid-Z., 8, 80 (1911). 

w A. H. Eggerth, J. Biol. Chem., 48, 203 (1921). 

ao j. M. Nelson and D. P. Morgan, ibid., 58, 305 (1923). 

81 H. F. Pierce, ibid., 75, 795 (1927). 

« I. Asheshov, J. Bad., 25, 323, 339 (1933). „ now 

88 W. J. Elford. P. Grabar. and J. D. Ferry, Bnt. J. LxpU. Falh., 16, 583 (1.135). 
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temperature. After the foil had been trimmed and, if desired, opened up into a flat 
sheet, it was dried overnight under room conditions at an unspecified humidity. 
When dry, it was swollen in an alcohol-water mixture for 24 hours at 20-25° C., 
transferred to distilled water, and thoroughly washed for an additional 24 hours. 

A 4% solution of Celloidin in ethanol (no ether), similarly treated, produced mem¬ 
branes of considerably greater porosities. The A PD of Brown’s membranes could 
not be estimated from his data. 

The adjustment of porosity by partial evaporation of solvent followed by 
immersion in water has long been known 64 ; in general, the greater the 
amount and the smaller the rate of solvent removed by evaporation, the 
lower the porosity. Less well known, perhaps, is the method of adding 
one or more nonsolvents to the coating dope prior to casting and curing. 
In table V the qualitative effects produced by a number of such liquids 
when added to 4% collodion-1:1 are indicated; for specific details, refer¬ 
ence should be made to the sources cited. 

The most extensive studies along these lines are those of Elford 50 and co¬ 
workers. 63 in which materials having an APD of from 2 my. to 2 y were pre¬ 
pared. Elford’s basic membrane was prepared from a 4% Necol dope 
using a mixture of ethanol, ether, acetone, and amyl alcohol in the volume 
ratio of 1:5:2:1. This material, which had an APD of 700 my, is too por¬ 
ous for osmotic pressure work. Less porous membranes were prepared by 
adding acetic acid or ethylene glycol monoethyl ether to the basic dope. 
One cubic centimeter of glacial acetic acid per 200 cc. of solution reduced 
the APD to 200 my, 2 cc. reduced it to 100 m^, and 3 cc. to 15 my. By the 
addition of ethylene glycol monoethyl ether, Elford, Grabar, and Ferry 63 
produced membranes of 2 my APD. 

The technique of preparation given by Bauer and Hughes, 65 which is 
virtually identical with Elf ord’s, is as follows. 

Two hundred cubic centimeters of the basic (or the modified) solution is coated 
onto a leveled plate or mercury surface provided with a circular barrier, 40 cm. in 
diameter, and the solvent allowed to evaporate for 75 minutes at 22-24° C. and at 
60-65% relative humidity in a room into which no appreciable amount of air is 
permitted to enter. At the end of this period, the entire assembly is immersed in 
tap water, the membrane detached, and washed for 2 or 3 weeks in distilled water, 
changed daily. 

A possible improvement in this technique of curing the foil would be to employ 
the method used by Manegold and Hoffman 66 in which the temperature, the humid¬ 
ity, and the rate of evaporation are more critically controlled by conducting condi¬ 
tioned air, or nitrogen, at a definite rate through a cover jar surrounding the gel. 

64 Sec S. L. Bigelow and A. Gemberling, J. Am. Chem. Soc., 29, 1576 (1907). 

66 J. H. Bauer and J. P. Hughes, J. Gen. Physiol., 18, 143 (1934-35). 

M E. Manegold and R. Hoffman, Kolloid-Z., 50, 22 (1930). 
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3. Cellulose Membranes 

rpup principal advantage of cellulose compared with collodion is the 
• nter number of liquids with which it can be used. Cellulose membia 
cln be prepared in a graded series of porosities and although the range 
obtainable *is not as extensive it is more than sufficient for osmometnc 

^Sffiose foils may be prepared using the following method:" 

-The bottom of a large wide-mouthed bottle was cut off and P lac « d I “° uth d °; V “; 

. in a large tripod. A desiccator plate was then placed in the bottle. On t 
T* was placed a large flat dish, which was filled to a depth of about Aim with 
l *7 clea n mercury. A round iron ring, 14 era. in diameter, constructed from a 
niece of '/,-in. band iron, was then floated on the surface of the mercury A piece 
of wall board into which numerous small holes had been drilled was P laced 
top of the bottle. A small fan, driven by an electric motor at between 200 and 40 
r pm was placed about 3 in. above this board so that a small current of air would 
flow continuously through the bottle and thus materially shorten the tune nec W 
for the evaporation of the solvent. In preparing a membrane, 45 cc. of Merc 
„ P collodion was run onto the surface of the mercury, inside the iron ring, from a 
pipetS so that the tip was not over ‘A in. above the surface ofthemcrcur^ 
The perforated cover was then put in place and the fan started. After 2 hrs., the 
fan was stopped and the membrane removed from the mercury by lifting the >ron 
ring The iron ring, to which the membrane was now firmly fastened, was the 
submerged in distilled water until the membrane broke loose from the ring, the 
last traces of the solvent were removed by the water. The ridge on the periphery 
of the membrane was next cut off, and the membrane denitrated. The -lenitratmg 
solution consisted of 900 cc. of 5 AT ammonium hydroxide solution saturated with 
hydrogen sulfide and 100 cc. of ethyl alcohol. The membrane, after being sub 
merged in a solution of this composition for 2 hr., was carefully washed with water 
carbon disulfide, and acetone, in the order named, and after drying in air for several 
minutes was ready for use.” 

Although the denitration process is employed less frequently than it was 
formerly, due to the availability of commercially produced cellulose sheet 
it has the advantage that partially de-esterified materials can be prepared 
thereby which usually show a greater inherent swelling capacity in com¬ 
monly used polymer solvents than completely regenerated cellulose. 1 Un¬ 
fortunately the graded porosities obtainable in collodion materials are 
largely lost upon denitration. 69 

A very convenient source of cellulose membranes is dry, nomvaterproofed 
cellophane sheet. The No. 300 and No. 600 varieties are the most useful. 


87 R. E. Montonna and L. T. Jilk, J. Phys. Chem., 45, 1376 (1941). 
« See R. M. Fuoss and D. J. Mead, J. Phys. Chem., 47, 59 (1943). 
8 » S. R. Carter and B. R. Record, J. Chem. Soc., 1939, 660. 
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When swollen in water, these materials have a fairly low porosity (APD of 2 
or 3 m/i) which, as produced in 1935, partially retain sucrose and potassium 
chloride. 70 In earlier studies of this material, McBain and Kistler 71 found 
that crystalloids readily passed through them while colloids were at least 
partially retained. A differential alcohol-water swelling procedure, similar 
to that described on page 504, was suggested by these authors as a means 
of adjusting the porosity and permeability. Carter and Record 69 applied 
this differential swelling method to Viscacelle No. 600, which is evidently 
the British equivalent of Cellophane No. 600, and found that starch dex- 
trins in carbon tetrachloride could be retained (molecular weight of about 
3000). It should, however, be noted that the method is applicable only to 
measurements in nonaqueous systems where the differential properties ob¬ 
tained in the treatment will not be quickly obliterated. 

Materials of greater porosity can be prepared by additional swelling of 
water-swollen cellophane in caustic 71 or zinc chloride 70 solutions. The 
APD can be progressively increased up to about 20 m^ using 10% sodium 
hydroxide, and to about 80 m m, using 65% zinc chloride solutions. 73 The 
conditions of swelling in both cases are 15 minutes at 25° C., followed by a 
dilute hydrochloric acid wash and repeated washings in distilled water. 
The materials prepared by the caustic treatment are somewhat more 
brittle. 

McBain and Working 74 employed “62% zinc chloride membranes” for 
the determination of the aggregation of aluminum dilaurate in benzene, 
the molecular weights of which ranged from 2600 to 300,000. 

Robertson, McIntosh, and Grummitt 74 state that membranes pretreated 
by the caustic method show not only increased porosities but also reduced 
permeability to Gelva V-15 (polyvinyl acetate), provided an appreciable 
amount of caustic is left in the membrane. 

Cellophane sheet which has never been dried out can be obtained. 78 
Such material has been employed in the osmometry of polyisobutylene 
fractions of 6000 molecular weight, 77 of cellulose acetate-butyrate fractions 

70 J. W. McBain and R. F. Stucwcr, J. Phys. Chem ., 40, 1157 (1935). 

7 » J. W. McBain and S. S. Kistler, J. Gen. Physiol., 12, 187 (1928-29); J. Phys. 
Chew., 33, 1806 (1929). 

12 T. II. Morton, Trans. Faraday Soc., 31, 268 el seq. (1935). 

7J W. B. Seymour, J. Biol. Chem., 134, 701 (1940); 65% is equivalent to 120 g. per 

100 cc. 

J. W. Mc Bain and E. B. Working, J. Phys. ct- Colloid Chem., 51, 974 (1947). 

74 R. E. Robertson, R. McIntosh, and W. E. Grummitt, Can. J. Research. B24, 150 
(19461. 

76 Sylvania Industrial Corporation, Fredericksburg, Va., and E. I. du Pont de Nemours 
A: Co., Inc., Wilmington, Del., can supply it, although it is not marketed as such. 

77 P. J. Flory, J. Am. Chem. Soc., 65, 372 (1943). 
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of above 20,000 78 and of polyvinyl acetate fractions of above 38,000, 79 with 
no evidence of significant permeation. 

A recent, novel method of preparing osmometer membranes of cellulose 

the action of Acetobacter xylinum N.C.T.C. 1375 has been described. 80 
These membranes, which are described as being 4 mm. thick, have a wide 

ge 0 f permeabilities, depending upon the extent of conditioning. When 
freshly prepared they are partially permeable to polymers of 300,000 molec¬ 
ular weight; whereas when dried out, they are impermeable to benzene. 
This interesting method and the membranes produced thereby merit con¬ 
siderable attention in future work. 

In general cellulose foils can be stored in a swollen condition for pro¬ 
longed periods of time if precautions are taken to prevent deleterious bac¬ 
terial action. Storage in most organic liquids or in water containing about 
\o/ of formaldehyde is usually quite satisfactory. McBain and Stuewer 70 
/tale that membranes can even be dried out without materially altering 
their “wet porosity” if they are soaked in 50% aqueous glycerol prior to 

drying- 

Membranes can be conditioned for use in liquids other than water by 
displacing the imbibed water with successive washes of 25, 50, 75, and 
100% aqueous alcohol or acetone mixtures. These liquids can then be dis¬ 
placed directly by any desired organic liquid. This method does not gener¬ 
ally alter the initial swollen porosity of the membrane. 81 

It is possible that the properties of cellulose (and of collodion) foils may 
be considerably changed with regard to permeability by precipitating in¬ 
soluble salts in their fine structure. Impregnation with cupric ferrocyanide 
evidently has been most widely studied, although the possibilities of this 
principle and the performance of the resultant membranes have not been 
fully explored. Jung, 82 for example, prepared a copper ferrocyamde- 
collodion membrane which was permeable to urea but not to glucose. The 
possible importance of the impregnating salts on the charges and perme¬ 
abilities of organocolloid membranes has been discussed by Willis el al.* z 
Salts may be laid down cither by electrodeposition or by diffusion of appro¬ 
priate ions from the opposite sides of the membrane. 

74 J. W. Tamblyn, D. R. Morey, and R. H. Wagner, Ind. Eng. Chem., 37, 573 (1944). 

79 R. H. Wagner, J. Polymer Sci., 2, 21 (1947). 

w C. R. Masson, R. F. Mcnzies, J. Cruickshank, and H. W. Melville, Nature, 157, 
74 (1946). See also J. Barsha and H. Hibbcrt, Can. J. Research, 10, 170 (1934), and 
earlier references. 

81 J. W. McBain and S. S. Kistler, J. Phys. Chem., 35, 131 (1931). 

8J C. Jung, Arch. sci. phys. el nat., 23, 100 (1941). 

88 G. M. Willis, Trans. Faraday Soc., 38, 169 (1942). A. T. Austin, E. J. llartung, 
and G. M. Willis, ibid., 40, 520 (1944). 
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4. Gelatin Membranes 

Although gelatin has been widely studied as a diffusion medium and has 
been employed as a filter in ultrafiltration studies, it does not appear to 
have been used to any extent as an osmometer membrane. Owing to its 
amphoteric properties and its general chemical differences from cellulosic 
materials, gelatin should perhaps be more seriously considered as a potential 
osmometer membrane. Possibly other proteins, such as the recently pro¬ 
duced fibrin film, 84 may be of similar value. 

In general, three principal methods of preparing gelatin foils (or foils 
with properties of gelatin) have been used: (/) impregnation of collodion 
or cellulose with gelatin; 85 (2) coating compatible solutions of cellulose 
ester and gelatin into sheets and curing; 84 and (3) coating gelatin solutions 
into sheets and curing. This latter type has been prepared in a graded 
series of porosities by Brown. 87 

Brown used the differential swelling technique previously developed for 
collodion (see page 504). The membranes were prepared by casting 100 
cc. of a 2% aqueous solution of an incompletely described gelatin onto a 
mercury surface of 20-cm. diameter. When drj', the sheets were swollen 
in mixtures of ethanol-water for 24 hours, then transferred to absolute 
alcohol in which they were washed for 48 hours. A progressive increase in 
porosity was obtained depending upon the “alcohol index” of the swelling 
mixture. 

The grading effect was readily demonstrated by noting the rate and the 
degree of staining of the gelatin by the dye Night Blue in alcohol. Staining 
was negligible in the case of the “100% membrane,” i. c., one which was 
swollen in absolute alcohol, and was progressively greater the greater the 
water content of the swelling mixture. No trace of dye passed through 
80% or 100% membranes in a period of one day, whereas a trace was dis¬ 
cernible in a like period in the case of the 60% membrane, and a strong 
coloration was evident in the dialyzate in a few minutes in the case of the 
40% membrane. The membranes were found to retain their graded prop¬ 
erties virtually unchanged up to a period of six weeks. 

Graded gelatin membranes which could be used with aqueous systems 
were made by a hardening treatment using formalin. Brown’s method 
was to add an amount of formalin equal to 1 cc. per 10 cc. of the swelling 
mixture (described above) after the membranes had been completely swol- 

84 J. D. Ferry and P. R. Morrison, Ind. Eng. Chem., 38, 1217 (1946). 

86 E. Fouard, Hull. soc. chim ., 9, 637 (1911). K. Heesh, Arch. ges. Physiol. Pfliigers, 
190, 198 (1921). J. Loch, J. Gen. Physiol., 5, 89, 109, 395 (1922). K. Anselmino, 
Biochem. Z., 192, 390 (1928). 

M J. Loiselcur and L. Velluz, Compt. rend., 192, 43, 159, 306 (1931). 

87 W. Brown, Biochem. J., 11, 40 (1917). 
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Ion. The membranes were soaked in the hardening mixture or 24 horns 
and then thoroughly washed with water. AU formahn-hardened mem 
branes appear to show a change in porosity with time, accompan ed by a 
.slow increase in swelling. Other known chemical hardeners^cou c sed, 
or the gelatin hardened, in the dry state, by heat or ultraviolet radiation. 


5. Rubber Membranes 

Rubber sheet, such us dental-dam or toy-balloon stock, has been used as 
a semipermeable material with liquids such as acetone, pyridine, methanol, 
methyl ethyl ketone, phenol, and even water.'* Rubber is permeable to 
liquids in which it swells and, qualitatively, to a degree which is proper- 
tional to the degree of swelling. Permeability to water, for example, is 

very low, but not negligible. , . , 

The efficacy of rubber as an osmometer membrane is somewhat doubtlui 
at present, although Loughborough and Stamm state that the results ob¬ 
tained in the measurement of methanol solutions of lignin using rubbei 
dam membranes were comparable to those obtained using cellulose mem¬ 
branes. 


6. Parchment Paper and Animal Membranes 

Despite the numerous references, especially in the early literature, on 
the use of parchment paper as a membrane, it is doubtful that it can be 
generally recommended since the source, the mode of preparation, and 
therefore its properties, vary widely. Parchment paper has been used in 
the measurement of systems as diverse as Congo Red (dye) in water 90 and 
tapioca amyloses in chloroform. 91 In the first case, the solute was said 
to be incapable of permeating the paper, whereas in the latter instance the 
solute, a material of between 42,000 and 75,000 molecular weight, partially 
penetrated the membrane. However, there is no assurance that the two 
papers were at all comparable in their general properties. 

In the osmometry of blood-serum colloids (molecular weights of 70,000 
and greater), Turner 92 found that Schleicher & Schiill Dialysator-Filter No. 
521 (parchment paper) was permeable. 

M G. L. Beyer and J. Russell, unpublished work, Kodak Research Laboratories. 

89 G. Flusin, Compt. rend., 126, 1497 (1898). L. Kahlenberg, J. Phys. Chem ., 10, 141 
(1906). W. G. Wilcox, ibid., 14, 576 (1910). M. J. Murray, ibid., 33, 896 (1929). 
D. L. Loughborough and A. J. Stamm, ibid., 40, 1113 (1936). It. M. Fuoss and D. J. 
Mead, ibid., 47, 59 (1943). W. Kuhn and K. Ryffel, Z. physiol. Chem., 276, 145 (1942). 

90 F. G. Donnan and A. B. Harris, J. Chem. Soc., 99, 1554 (1911). 

91 J. F. Foster and R. M. Hixon, J. Am. Chem. Soc., 66, 557 (1944). 

99 A. II. Turner, J. Biol. Chem., 96, 487 (1932). 
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The use of natural membranes such as amnion, chorion, intestines, blad¬ 
der, etc., has been almost displaced by synthetic foils, except in certain 
studies dealing directly with the osmotic properties of these materials. 
For those interested in these materials, as well as the use of cell walls of 
erythrocytes as semipermeable membranes to dissolved salts and biological 
substances generally, reference is made to the books of Davson and Dani- 
elli and of Hober et al. 93 

7. Metallic Foils and Glass Membranes 

Materials showing differential permeabilities have been prepared from 
brass shim stock, 94 from thin foils of silver, 95 and from certain glasses. 9 ® 
So far, however, there is no evidence that these have been successful in 
quantitative osmometry. 

IV. GENERAL PRINCIPLES OF MEASUREMENT 
1. Static-Elevation Method 

This method consists in allowing solvent to diffuse through the membrane 
until the internal liquid head produced just balances the osmotic pressure 
characteristic of the system. This head, when corrected for certain ef¬ 
fects which are related to the instrument (see Section 4 below), may be 
taken as the osmotic pressure. 

The length of time required for a static head to develop depends upon 
several factors. It can be minimized by: (/) using a semipermeable 
membrane of the greatest possible porosity; (2) using a membrane having 
the largest area consistent with compactness of the osmometer, the latter 
being a usually desirable factor; (5) employing an osmometer capillary 
(or capillaries) of relatively small bore—it should, however, not be less 
than 0.75 mm., if drainage difficulties are to be avoided; (4) employing, 
when possible, a solvent of minimum viscosity; or (5) adjusting the initial 
internal head at the outset of a determination to a value as near to that of 
the final head as can be anticipated. 

The disadvantage of the inherent slowness of the static elevation method 
is somewhat offset by the minimum of attention required in the course of a 
measurement. This, coupled with the inexpensiveness and compactness 

u H. Davson and J. F. Daniclli, The Permeability of Natural Membranes, Macmillan, 
New \ ork, 1943. R. Hober, et al., Physical Chemistry of Cells and Tissues, Churchill, 
London, 1946, especially Section 4. 

94 D. L. Warrick and E. Mack, J. Am. Chem. Soc., 55, 1324 (1933). 

96 N. V. Kultashev and F. A. Santalov, Z. anorg. chem., 223, 177 (1935). J. A. M. 

99 G. A. Blanc, AUi reale accad. naz. Lincei, 21, 296 (1935). M. E. Nordbcrg, J. Am. 
Ceram. Soc., 27, 299 (1944). 
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of the instruments which can be used, makes it feasible to carry out numer¬ 
ous measurements simultaneously. These measurements may be either 
of the same solute-solvent system at different solute concentrations or of 

different systems. . . , 

The method is not indicated in the measurement of systems in which the 
osmotic activity of the nondiffusible component is changing due to poly¬ 
merization or depolymerization (degradation) or similar processes. It is 
also not indicated in cases in which a very limited quantity of solute or of 
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Fig. 3.—Effect of dilution on solute concentration in static-elevation methods. 


solution is available, since the necessary influx or efflux of solvent would 
produce significant concentration changes. A measure of the effect of this 
latter factor in terms of instrument dimensions is shown in figure 3. The 
point on the left-most scale representing the difference in the initial and the 
final meniscus heights is aligned with the capillarj’-bore value to obtain 
the total change in volume of the inner liquid (solution). This, when 
aligned with the total volume of the inner liquid, produces the percentage 
change in solute concentration on the right-hand scale. 

If desired, the final concentration of the solute in the solution phase may 
be determined at the conclusion of the experiment in which case any sig- 
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nificant dilution produced during the measurement can cause no error as it 
is fully taken into account. 

2. Half-Sum Method of Fuoss and Mead ,J7 

This method, which is much more rapid than the static-elevation method 
but which requires the constant attention of an operator, is described as 
follows: 



The initial head in the osmometer is adjusted to a value which is as close 
to the anticipated final head as possible. After the system has come to 
thermal equilibrium, the change in liquid head within the instrument is ac¬ 
curately measured as a function of time at convenient intervals so that a 
curve, such as A (or B) in figure 4, may be plotted. The value of the 


91 R. M. Fuoss aud D. J. Mead, J. Phys. Chem., 47, 59 (1943). 



xr. OSMOTIC PRESSURE 


515 


asymptote, which is identical with the final or equilibrium head, may be 
estimated with greater certainty from this curve. 

The procedure described in the above paragraph is repeated starting 
with an initial head which is approximately equidistant from, but opposite 
to, the estimated asymptote relative to the first initial head. In this man¬ 
ner, a curve, such as B (or 4) of figure 4, is obtained. 

One-half the sums of the ordinates of these curves, A and B, for various 
values of elapsed time are then computed and plotted, yielding a curve 
similar to C in figure 4. These half-sum values will converge more or less 
rapidly, depending upon the symmetry of A and B, to a value which is not. 
significantly different from their mutual asymptote. This asymptote is, 
as has been noted earlier, the equilibrium head from which, after applying 
appropriate corrections (see Section 4 below), the osmotic pressure may be 
obtained directly. 

The total time required for determining the equilibrium head depends 
upon factors similar to those enumerated in Part 1 of this section, l'uoss 
and Mead, using the osmometer described on page 534, with a fairly porous 
denitrated collodion membrane, and methyl ethyl ketone at 25° C. as 
solvent, found that 20 minutes was sufficient. 

3. Dynamic-Equilibrium Method 

By applying an external gaseous pressure to the liquid of one of the 
osmometer half-cells, the rate of flow of the solvent through the membrane 
will be altered. A positive pressure applied to the solution, or a negative 
pressure (subatmospheric) applied to the solvent, can be adjusted in mag¬ 
nitude so that no net flow of solvent will occur. This pressure, the zero- 
flow pressure', when corrected for specific instrumental effects (see Section 
4 below), will be equal to the osmotic pressure of the system. 

The zero-flow pressure can be determined either by adjusting the external 
pressure until a sensitive flowmeter in series with the osmometer indicates 
no flow, or by quantitatively measuring the rate of flow corresponding to 
various magnitudes of applied external pressure and obtaining the zero- 
flow pressure by graphic methods, an example of which is shown in figure 
5. It is essential, in any case, that the instrument, and all leads to it, be 
absolutely free of leaks which would give rise to a change in the total volume 
of liquid in the osmometer and hence to an apparent flow. 

Very rapid measurements are attainable by this method, although the 
apparatus required—osmometer and manostat—is more extensive, less 
compact, and requires more experience to operate than the methods pre¬ 
viously described. The method is particularly indicated in the measure¬ 
ment of systems which are available in limited quantities and of those which 
are not static in their osmotic properties. 
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External pressures can be conveniently produced by a simple, manually 
adjusted, leveling-bulb arrangement (see Fig. 19), provided the gaseous 
volume of the lead to the osmometer proper is not too great. Another 
easily constructed manostat, of any capacity desired, is described in the 
following: 

Compressed air or nitrogen is slowly fed through a fritted glass disk, such as a 
Corning No. 39580-30F or -30M, into a bottle of from 1 to 10 liters volume—the 



Fig. 5.—Interpolation of dynamic-equilibrium 
data.* 7 The magnitudes of the zero-flow pressures 
for the systems A and B are indicated by the arrows. 


larger the volume the greater the inertial capacity of the manostat. Leads from 
the bottle connect to the osmometer and an open-end manometer. A pressure 
regulator is connected into the line between the pressure source and the filter disk. 
This consists of a glass tube, whose end is drawn out into a J-shaped tip with a small 
orifice, immersed in a column of liquid of suitable density, e. g., water. The depth 
of immersion of the orifice and the density of the liquid in the column will determine 


XI. OSMOTIC PRESSURE 


517 


the manostat pressure if a slow, steady stream of bubbles is emerging from the tube 
tin The disk serves to damp out pressure-of-displacement oscillations pro u 
bv the regulator. Manostat pressures less than atmospheric may also be produced 
bv replacing the tank source with a water aspirator and reversing the leads on 
pressure regulator, i. e., connecting the tube containing the liquid column to the 
line rather than the bubble tube. 


Continuously recording manostats in which the pressure applied to the 
osmometer is automatically adjusted so that no appreciable quantity ol 
solvent flows through the membrane at any time during a determination 
have been described. 98 - 99 In these, a liquid-liquid or liquid-vapor interface 
in the osmometer actuates, through a relay, a pressure-producing device 
which is, in turn, connected to the osmometer. The control at the inter¬ 
face is accomplished either by means of electrical contacts or by means 
of an optical arrangement in which a photoelectric cell is used. In one 
case, the pressure is varied by electrically heating the air in a manostat of 
low capacity, and in the other by the “on-off” operation of an electrolytic 
hydrogen generator. These devices, as described, are especially useful in 
the measurement of a continuously increasing osmotic pressure. Con¬ 
tinuously decreasing pressures can also be handled by connecting an auto¬ 
matic manostat to the solvent side of the osmometer in which a sufficiently 
large initial internal head is provided on the solution side. 


4. Evaluation and Application of Corrections 

The equilibrium head obtained in the static-elevation and the half-sum 
methods must be corrected for the capillary forces of the liquids in the in¬ 
strument. In any osmometer in which a single capillary is used, or, in 
general, in which the diameters of the existing interfaces are different, the 
capillary correction will be significant. It can be disregarded only if the 
interfaces are formed in tubes of equal bore and the surface (or interfacial) 
tensions at the corresponding interfaces on the two sides of the instrument 
are not greatly different. 

The amount by which the tensions may differ depends upon the diameter of the 
matched tubes. In 0.75 mm.-bore capillaries, a difference of 1% in the surface 
tensions of the solvent and solution will produce a differential in height of 0.5 mm. 
With larger bore tubes, it is increasingly less. 

The most convenient method of determining the magnitude of the capil¬ 
lary correction is by measuring it directly in the osmometer using either 
no membrane or a perforated one. In this case, the instrument should be 


F. Urban, Rev. Sri. Instruments, 5, 375 (1934). 

09 M. Sumwalt and E. M. Landis, J. Lab. Clin. Med., 22, 402 (1936-37). 
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completely filled with that phase (solvent or solution) which normally 
forms the smallest meniscus, if the two phases differ greatly in surface 
tension. 

1 he resultant capillary rise, taken as positive if on the solution side of 
the osmometer, is subtracted algebraically from the equilibrium head. 

In this measurement, as well as in the determination of the osmotic pres¬ 
sure itself, it is important that the walls of the capillary be wetted in a 
reproducible manner. Water and aqueous solutions are probably the 
most troublesome, because with them the contact angle which is formed 
against glass, i. e., at the glass-air-liquid interface, usually differs accord¬ 
ing to whether the liquid column is advancing or receding. This effect may 
be materially reduced, and in certain cases eliminated entirely, by thor¬ 
oughly roughening the interior of the (glass) tube by means of a steel wire 
and a slurry of fine emery powder. 100 Another method, which has been 
employed to eliminate the uncertainties produced by contact angle hys¬ 
teresis, is to “top” the solution—and the solvent, if necessary—with an 
immiscible liquid which readily and reproducibly wets glass, e. g ., toluene. 101 
In this manner, a toluene-water (or toluene-aqueous solution) interface 
can be formed in a section of the instrument, 1 or 2 cm. in diameter, where 
its effect will be unimportant, and a toluene-air(vapor)-glass interface 
formed in the capillary. In this latter method, in which several liquids of 
different density are used, the resultant head, in grams per square centi¬ 
meter, will be the algebraic sum of the vertical height-density products of 
the liquid columns. 

Completely similar considerations with regard to capillarity apply in 
the case of dynamic-equilibrium measurements; the method of applying 
this correction will be given later. 

From time to time there has been reported an effect in which a finite 
pressure is obtained when liquids of the same composition are used on both 
sides of the membrane. 102 Although the reasons for this are not clear at 
present, explanations based upon asymmetry of membrane fine structure 
and upon incomplete diffusion equilibration of the liquids in the osmometer 
have been suggested. The magnitude of this effect seldom exceeds a few 
millimeters pressure; it can be evaluated only by a regular osmometric 

100 The author is indebted to Dr. M. Abribat, who brought the principle of this 
method to his attention. See M. Abribat and A. Dognon, Compt. rend., 208, 1881 
(1939); 212,854 (1941). 

101 J. Bourdillon, J. Biol. Chem., 127, 617 (1939). 

102 G. Gee and L. R. G. Treloar, Trans. Faraday Soc., 38, 147 (1942). P. J. Flory, 
J. Am. Chem. Soc., 65, 372 (1943). R. M. Fuoss and D. J. Mead, J. Phys. Chem., 47, 
59 (1943). I. Jullandcr, Arkiv Kcmi Mineral. Geol., A21, No. 8 (1945). C. R. Mas¬ 
son, cl a /., Nature, 157, 74 (1946). 



519 


XI. OSMOTIC PRESSURE 

determination using either eolvent or solution on both side, oi the nt.m- 

flow pressure in consistent uwt ^ meniscus jg h< centimeter 

above thaTof'the solvent, and that the independently determined resultant 
of the capillary and membrane effects is equal to h c centimeter (of solution, 
densitv = p). If the external gaseous pressure necessary to prevent flo 
is ^ in g- Sr cc., then the osmotic pressure, Po e, m the latter unite, w.ll 

be: 

Po p. = P« + (frt “ Wp ^ 

If the densities of the solvent and the solution are not significantly different, 
the density of the solvent may be substituted for p, if convenient. 


V. OSMOMETERS EMPLOYING SOLID MEMBRANES 

1. General Remarks 

Various osmometers are described in this section which are designed for 
use with flat membranes. The instrument to be chosen for a specific task 
depends to a large degree upon the magnitude of the osmotic pressure, the 
degree of accuracy and precision required, and the method of measurement 
necessary or desirable to use. 

Osmometers employing bag-shaped membranes have been omitted in 
this presentation. 103 Although they are capable of yielding reliable re¬ 
sults, they possess no particular advantage and have several disadvantages 
compared with flat-membrane osmometers. Among these are: (/) the 
tedious technique required in the preparation and mounting of the mem¬ 
brane; (2) the limited number of membrane materials which may easily 
be used; and ( 3 ) the difficulties encountered in providing a suitable sup- 

wa Among the references describing the use of this type of osmometer, the following 
may be noted: S. P. L. Sorensen, Compt. rend. trav. lab. Carlsberg , 12, 1 (1917). G. S. 
Adair, Proc. Roy. Soc., London, A108, 627 0925). A. Dobry, J. chim. phys., 32, 46 
(1935). H. B. Oakley, Trans. Faraday Soc., 31, 136 (1935); Biochcm. J., 30, S68 
(1936). N. F. Burk and D. M. Greenberg, J. Biol. Chem., 87, 197 (1930). H. B. Bull, 
ibid., 137, 143 (1941). G. Scatchard, A. C. Batchclder, and A. Brown, J. Am. Chem. 
Soc., 68, 2320 (1946). 
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port for the membrane, which is highly desirable although not absolutely 
necessary. y 

The importance of supporting elastic membranes in order to minimize 
ballooning effects is obvious when it is considered that the variable dis¬ 
placement produced by different, continuously changing pressures can 
seriously interfere with the response of an instrument. Probably the most 
generally satisfactory support for flat membranes is that described bv 
Carter and Record.”* Their support has a convex surface facing the mem¬ 
brane and is so mounted that the support is on the solvent side of the in¬ 
strument. This serves to keep the membrane taut at all pressures and pre¬ 
cludes any appreciable movement (see Fig. 15). 

As a rule, it is advantageous to employ membranes of as large an area as 
possible in order to increase the rate of equilibration. It must be remem¬ 
bered, however, that the greater the area the greater the incidence of pos¬ 
sible defects in the membrane which may lead to inaccurate results. Ex¬ 
cept for certain special applications, it is probable that membranes of from 
7 to 20 cm. 2 (3- to 5-cm. diameter) will be generally satisfactory. 

Rapid equilibration may also be promoted by keeping the volume of the 
solution half-cell at a minimum, especially if no provision has been made 
for stirring the solution during the determination. Again, certain dis¬ 
advantages, limitations, and possible errors which may arise by so doing 
must be recognized: (/) Significant concentration changes may occur due 
to the influx or efflux of solvent; the error produced thereby may, how- 


Tablb VI 


Membrane Area-Cell Volume Ratios for Various Osmometers 


Osmometer 

Material of 
construction 

Membrane 

area. 

cm.* 

Cell 

volume, 

cm.* 

Ratio 

See 

p nT 

Schulz 

Metal 

3 

10 

0.3 

528 

Schulz-Wagner 

Glass 

4 

8 

0 5 


Carter-Record 

Glass 

3 

5 

0.6 

o 

533 

S.Z.L. 

Glass 

3 

2 

1.5 

539 

Herzog-Spurlin 

Metal 

12 

8 

1 5 

537 

Jul lander 

Metal-glass 

18 

10 

1.8 

OOI 

522 

Zimm-Myerson 

Glass 

6 

3 

2.0 

532 

I’lory 

Metal 

25 

8 

3.3 

,537 

Fuoss-Mead 

Metal 

75 

14 

5.4 

534 

Van Campon 

Metal 

90 

10 

9.0 

534 

Krogh-Nakazawa 

Hard rubber 

3 

0.3 

10.0 

537 

Bourdillon 

Hard rubber 

5 

0.2 

10.0 

527 

Hepp 

Hard rubber 

4 to 16 

0.5 to 3.2 

5 to 16 

537 


M4 S. R. Carter and B. R. Record, J. Chem. Soc., 1939, 660. 
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ever, readily l»' calculated and a correction applied (see, for example, 1' 4J- 
3). (2) Concentration changes of a significant magnitude may be caused 

by sorption of the solute on (or in) the membrane. This effect, if it occurs, 
will be greater the greater the membrane area; it can be corrected for 
only by a direct determination of the final solution concentration by suit- 
able methods. 



Fig. «.—Jutlander*osmotic Imlam-c (complete). 10 * 
Courtesy l)r. I. Julluiidcr. 


The approximate ratios of membrane area to solution half-cell volume, 
together with the principal material of construction with which the solu¬ 
tion and solvent will be in contact, are listed in table VI for a number of 
osmometers, most of which are described in this section. In general, the 
greater the ratio the more rapidly is equilibration attained. It will be 
obvious that the ratio of any particular instrument design may readily be 
changed by minor alterations in its dimensions. 


m I. JuHander, Arkiv Kemi Mineral., Geol. A21, No. 8 (1945) 
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2. Jullander’s Osmotic Balance 

An ingenious method based upon weight measurements has been de¬ 
scribed 10 ’ which is particularly suited for the determination of osmotic 
pressures of small magnitude. Although it is theoretically capable of 
measuring pressures of the order of =*= 0.001 mm., in practice the precision 
is probably more nearly *0.01 mm. 

I he complete balance, shown in figure 6, consists of an ordinary analyti¬ 
cal balance in which a vertically adjustable platform has been substituted 



a b c d 


Fin. 7.— Details of Jullander's osmotic balance: (A) solvent 
container: (H) solution cell.*® 1 Courtesy Dr. I. Jutlander. 

for one pan and its arresting mechanism. This platform carries a solvent 
container, which is shown in detail in figure 7A, including its split cover, 
cover clamps, and “anti-creep” ring. The latter is a shallow ledge affixed 
to the tipper wall of the container to mitigate the disturbing creeping ef¬ 
fects noted in certain liquids. The solution cell, shown in detail in figure 
7B, comprises a Duraluminum planoconvex plate, a, on whose convex sur¬ 
face the membrane rests, a Duraluminum-glass cell body, c, which rests 
on the membrane, and the threaded ring, r/, which serves to draw c down 
tightly onto a. Registration pins on c (not shown) keep c and a aligned so 
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that the membrane will not lx- deformed during cell assembly. The s ^ ,| j 
It the end of the 0.5mm. nickel wire, b, engages underneath the metal 

, '°Si l nce n the regular pointer-scale system of the ordinary balance is not sen¬ 
sitive enough to indicate an imbalance cor.-espond.ng to a he ght of 0.001 
nun., the optical arrangement shown in figure 8 .s subst.tuted for it• I »«* 
dimensions of the cell and container are: 


Cell 

Glass tube, length. 

Inner diameter (= 2r0. 

External diameter (= 2r t ). 

Base of cell body, diameter. 

Over-all height. 

Volume. 


2.5 cm. 


1.1 

5.0 

4.7 cm. 
10 cm.* 


Container 

Internal diameter (« 2 R) . 

Over-all height. 

Volume of solvent required .. 

Liquid volume required in “anti-creep” ring.. 


8.5 

10.0 

180 

2 



lit' 

i i i i 
till 

ii ii 
it ii 

i-^-‘i 

Fig. 8.—Optical system for indicating balance point: (<i) light 
source; (5,,6.) lens;’ (c) scale; totally reflecting prisms; 

(e,/) plane mirrors; (j/) balance beam. 10 * 


cm. 

cm. 

cm.* 

cm. 3 


In operation, the cell is assembled and filled with solution to a point 
about midway in the glass tube and the whole suspended in the solvent. 
The cover plates are positioned and secured in such a manner that they do 
not interfere with the suspension wire. The reference weight of the cell is 
obtained by adjusting weights on the balance pan and also the simultane¬ 
ous adjustment of the height of the platform until the menisci of the solvent 
and the solution lie in the same plane with the beam in balance. 

An additional weight, Aw, is then added to the pan, and the beam again 
brought into balance by adjusting the platform. This will produce a head, 
Ah, given by: 


Ah = Aw/wrlpo 


(26) 
















524 


R. H. W ACKER 


where p n is the density of the solvent at the temperature of the measure¬ 
ment. If this head does not correspond to the equilibrium head, an 
amount, A grams, of solvent will flow through the membrane in an interval 
of time, At, and the weight of the cell will change by an amount, Aw', given 
by: 

Sw' = .-1|1 +«$/(!?*- r\)) (27, 

Owing to this influx (or efflux) of solvent, the reference weight of the cell 
will have changed, since it will 1 m» necessary to dip it further (or less far) 
nto the solvent than before in order to bring the menisci to the same plane. 



Fig. 9.—Osmotic balance data for the system, cellulose nitrate 
in w-hutyl acetate. ,w Ordinate: head (grams). 


Although it can be shown from the geometry of the dimensions of the cell 
that this change of reference weight is A(r\ — r\)/r \, Jullander recommends 
that the effective reference weight l>e taken as the mean of the initial and 
final reference weights from actual determinations. The effective refer¬ 
ence weight subtracted from the total weight of the cell is equal to Aw'; 
the liquid head corresponding to it is calculated by means of equation (26). 

The rate of change of weight, Aw'/ At, which is proportional to the rate 
of change of head, is determined for several (mean) heads, both greater and 
lesser than the equilibrium head, and the latter evaluated by graphic inter¬ 
polation (see Fig. 9). 
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The cell constant, which consists of the ^ UqukhpTeferably 

corrections (page 518) is evaluated analogously, the Sections, 

the solution, being used in the cell and the ■*mU ner. These co 
i. e., their resultant, are subtracted from the eQU.hbrumhead 

obtain the osmotic pressure in n-butyl ace- 

Data for a solution of cellulose (12.S % 8 b J u l- 

tate at 25° C. at a concentration of 0.057 g. per 10 > , ^ d of 

lander, are shown in figure 9. From the md.cated ^u.hbn^ toad 
0.106 cm. of butyl acetate (po = 0.876), a ceU correction o 0.049 cm. 
be deducted, yielding a resultant pressure of 0.057 cm '° r5 JJ to g0 x 
(0 057 X 0.876/1033). Measurements ranging from 3.5 X 
10- 5 atm. (0.36 mm. to 8.26 mm. of water) were reported. 

The errors produced by concentration changes in the solutioni andT* su 
face-tension difference in the two liquid phases are generally neghg.bl^ 
The most important remaining source of error is inadeq P th 

control, which manifests itself most strongly through its eJcUn the 
density of the solvent. For example, in the system just refmedto, “ 
which the solvent density changes by 0.0117 unit per degree «ade (at 
25° C.), an uncertainty of 23 mg. per degree centigrade is introducerl into 
the measurements. For a maximum uncertainty of -0.001 miccm.height, 
a temperature control of -0.005° C. is indicated which is e 

tain in an air bath. Jullander states that it was possible to maintain the 
temperature to within -0.05° C. for months, and probably within *0.01- 
0.02° C. during any single measurement, by placing the balance, with its 
sides covered with aluminum foil, in the center of a 400-ft. air bath. He 
recommended that the thcrmorcgulator be placed in the immediate vicin¬ 
ity of the balance and that the temperatures be read on a Beckmann ther¬ 
mometer which is immersed in a vessel containing some of the solvent, in 
order to simulate the condition prevailing within the osmometer 

In addition to the air thermostat, it might be advantageous to circulate 
thermostated water through a striae-free glass-jacketed container, and also 
to employ a sensitive thermocouple directly in the liquid in the container. 

Addendum. In an article which appeared after this chapter was written, 
Enoksson 105 " described a number of improvements in the osmotic balance of 
Jullander. Among the more important of these are the reduction of the tem¬ 
perature sensitivity of the instrument due to density factors, an increase w the 
sensitivity of the balance itself so that the optical magnification system (Fig. 8) 
is no longer necessary, and the provision of a method for more precisely ascer¬ 
taining the zero of reference. It is also stated that it is unnecessary to use an 
“anti-creep” ring in the container and a dish filled with solvent in the balance 
case to minimize changes due to evaporation. 

1050 B. Enoksson, J. Polymer Sri., 3, 314 (1948). 
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The reduction in temperature sensitivity from 23 mg. per degree to less than 
2.8 mg. per degree is obtained by redimensioning the cell so that the external 
diameter is 2.7 cm. and the internal diameter 2.1 cm.; the internal diameter of 
the container is evidently the same as Jullander’s. The sensitivity of the balance 
is increased by mounting a weight directly above the central knife edge of the 



Fig. 10.—The Bourdillon osmometer. ,ot 


beam; a generalized method for determining the mass and position of this weight 
to produce a given sensitivity is given. 

It is stated that at present the osmotic balance is largely limited to the study 


«« J. Bourdillon, J. Biol. Chem., 127, 617 (1939). 
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3. Bourdillon’s Osmometer 

This instrument, shown in figure 10, is designed along more conventional 
lines. * Although it is suited for the measurement of pressure of ‘on K 
nitude, especially those of aqueous systems it is not capabie of he p ec K n 
of the osmotic balance. The precision and accuracy ‘spr^ably^tbette 
than about 0.1 to 0.2 mm. The prinopal advantages of this instrument a 
the small quantity of solution required—about 0.2 cc. and the g 8 
errors produced by density and capillarity factors. Specific membiane 

forts (oaue 518) should be considered. , 

The method of assembly and operation may be briefly described as M- 
lows: The membrane, g, with its perforated supporting plate, /. is hrmly 
clamped into place between pieces 6 and d, using a soft rubber gasket,?" d 
screw ring c. With the cell assembly in an inverted position, the «ihamt, 
h, is rinsed and filled with solution. 1 he glass piece, l, is slid into the nec 
of d until the solution is at position m. The packing gland assembly^, 
is then fastened. The whole assembly should now be in the P oslt, °" sh °^ 
in figure 10. Solvent is placed in h\ and the space from glass tube f through 
stopcock n to joint p is filled by the application of suction at p. No bubble 
should exist anywhere except at the top of the transparent tube, s, where 
its presence is immaterial. The manometer tube, r, containing toluene (for 
aqueous systems) and solvent as shown, is fastened into place. 

With stopcock n open, the height of the column will be determined sole y 
by the height of the liquid in h' and the forces operating at the various inter¬ 
faces, principally at the toluene-glass-air interface in the capillary, which 
is 0.2-mm. precision-bore tubing. When n is closed, the liquid column in 
r will rise and approach an equilibrium value. The difference between the 
final and initial heights is the osmotic pressure of the solution expressed in 
units of the height of toluene. This value contains a negligible error, 
owing to density differences, but is fully compensated for surface-tension 


errors. , . 

The chamber, q, should be of such size that the toluene-aqueous solution 

interface will remain substantially at the same level during the determina¬ 
tion. Although it is not indicated in the figure, this chamber should be a 
cylindrical section about 1 cm. in height and 1 cm. in diameter. 

The solvent-solution interface at tn should be approximately at the same 
level as the membrane in order to minimize the effect of density differences. 

Unless precautions are taken to prevent the liquid of a water bath from 
gaining access to the membrane edges, the instrument should be thermo- 
stated by means of an air bath. 
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4. Schulz-Wagner Osmometer 

The simple, compact osmometer described by Schulz 107 is especially con¬ 
venient for routine measurements. A modified form of it, shown in figure 
11, which was developed by the writer 108 differs from its prototype in that 



Fig. 11.—Schulz-Wagncr osmometer. 


the capillary is totally enclosed and a glass solution cell is used in place of 
metal. The instrument is capable of a precision of about =fc0.5-1.0 mm. 

The instrument consists of a 4-mm. wall glass cell, A ; a precision-bore 
capillary tube, B, of about 0.75 mm. bore, with or without an engraved 
scale, as desired. The membrane is supported and secured firmly against 
the foot of the cell by means of the metal clamp provided by parts C, D, 
and G. The metal must, of course, be resistant to attack. Brass may be 

,w G. V. Schulz, Z. phyxik. Chem., A176, 317 (1936). 

,M R. H. Wagner, Ind. Eng. Chem., Anal. Ed., 16, 520 (1944). 
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satisfactory when used with many organic liquids. With certain solvents, 
notably aqueous solutions of salts, even ordinarily resistant metals such as 
stainless steel, monel metal, and nickel are often attacked to an appreciable 
extent. In such cases, well-extracted hard rubber or glass plate should be 
used to fabricate parts C and D, and platinum or tantalum for the studs 
and fasteners. 

The membrane, E, should preferably rest on a support of ash-free niter 
paper, F, in as many thicknesses as are required to insure a relatively non- 
deformable support. The footing of the cell as well as the upper surface 
of the clamp base, C, must be flat. The footing should be ground against a 
perfectly Hat surface using No. 1600 emery powder. If relatively hard, 
rigid membrane materials arc to be used, it will be necessary to polish the 
footing with rouge. 109 

The glass joint (7/25) must be specially ground and absolutely tight; 
the final grinding is carried out with No. 1600 emery powder, or finer. 
(In grinding, it is essential that the inner part of the joint, extend somewhat 
beyond the ground surface of the outer.) The joint is tested for tightness 
by the following procedure: The joint is wet with acetone and immedi¬ 
ately seated, using a pair of pliers with rubber-covered jaws operating 
against the protrusion on the capillary part just above the joint (see Fig. 
11). With the upper end of the capillary closed, the end of a low-pressure 
(5 lb. per in. 2 ) air hose is forced firmly against the shoulder inside the cell 
at the base of the joint. This will tend to displace the acetone and dry 
the joint, which will be accomplished quickly if the latter is the least bit 
leaky. The joint should withstand this test for several minutes, at least, 
without drying out. When a satisfactory joint is obtained, it should be 
marked so that this particular cell and capillary will always be used to¬ 
gether. 

The process of assembling the osmometer is very simple. A disk of 
filter paper is cut out or punched out with a hardened steel punch of suf¬ 
ficient size to cover the floor of the clamp base, C. The base and the paper 
are wetted with solvent and a similar disk of previously' prepared membrane 
material is laid on the paper, care being taken not to allow the membrane 
to become dry. A clean cell is placed on the membrane and the yoke, D, 
is put into place and tightened. It will not be necessary to tighten the 
yoke screws excessively—a little more than finger-tight will suffice. 

The interior parts of the assembly' are rinsed several times with the solu¬ 
tion and then completely filled with it. Solution is then sucked into the 
capillary tube until it is about half full and the tube inserted into the glass 
joint of the cell, the excess solution being allowed to flow around the un- 

105 R. H. Barrett and A. E. Ballard, unpublished work, Kodak Research Labora¬ 
tories. 
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seated joint and not through the upper end of the capillary tube. The 
final position of the capillary meniscus can be adjusted to any desired level 
by allowing the solution to flow out around the joint in the manner indi¬ 
cated. When the desired level is attained, the joint is seated as previously 
described. (A little experience is necessary to learn the knack of seating 
and unseating a well-ground joint by means of rubber-covered pliers.) 
No lubricant is employed on the joint. The use of a light spring or rubber 
band, as is shown in figure U, is unnecessary since the friction in a properly 
seated joint is sufficient. 



Fig. 12.- Multiple application of the Schulz-Wagncr osmometer (courtesy A. E. 
Mallard. I). Ketchum, ami K. II. Barrett, Kodak Research Laboratories)." 0 


The outer surfaces of the assembly are thoroughly washed with solvent to 
remove all traces of solute and then lowered into the cylinder, II . containing 
about 100 cc. of solvent. This operation 4 will trap some air in the holes of 
the base, which can easily be removed by raising and lowering the (inner) 
assembly more or less rapidly while holding the cylinder at an angle of 45°. 
The level of the external liquid is adjusted to a suitable height and the 
cylinder closed. In order to obtain a vertical position of the capillary, it is 

"° Developed l»y A. K. Mallard, I). Kctchum. and R. II. Barrett, Kodak Research 
I jil N*ra lories. 
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recommended that the inner assembly be suspended from the top of the 
cylinder. The osmometer should then be thermostated to ■ «- d 
C. of the desired temperature, until no further change in 

“ Itedegree of temperature control is necessary, not becauseof thei tem¬ 
perature coefficient of osmotic pressure but due to the-coe t f 

pension of the liquid in the osmometer winch produces ^ ^ 

mometer effect which can easily mask the true value of the equ.hbnum 

NOMOGRAPH FOR ROUTINE ESTIMATION OF MOLECULAR WEIGHT 


OSMOTIC PRESSURE, cm.. h 
g./lOO cc. 
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Fig. 13 .—Nomograph for the routine estimation of molecular weight. 


head. The thermal inertia of the glass cylinder and that of the outer 
liquid (dialyzate) are such that a sinusoidal variation in temperature of 
±0.1° C. in an air bath having a period of 5 minutes or less will not produce 
a variation greater than ±0.02 in the inner cell of the osmometer. The 
capillary correction and possible specific membrane effects should be deter¬ 
mined using solvent on both sides of the membrane. 

Figure 12 illustrates the use of this osmometer as a multiple assembly in 
a water bath. 110 This arrangement permits the use of more compact 
thermostat equipment and provides a quicker and more precise tempera¬ 
ture control than can be obtained by an air bath. In connection with 
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routine molecular-weight measurements, it may Ik* of interest to reproduce 
a nomograph (Fig. 13) developed for this purpose. The osmotic heads ob¬ 
tained for three fixed concentrations of solute (with all corrections applied) 
arc aligned using the h/C scales at the left, and the limiting h/C value noted 
on the center scale. The limiting value, when aligned with the solvent 
density, indicates the number-average molecular weight. 

Other modifications of this form of osmometer have been recently de¬ 
scribed by French and Ewart and by Sands and Johnson. 111 

5. Zimm-Myerson Osmometer 

The instrument designed by Zimm and Myerson, 112 shown in figure 14, 
has several advantages over the Schulz-Wagner instrument. (/) The 



Fig. I I.—Tin* Zimm-Mycrson osmometer. m 


tilling tube, C, eliminates the necessity of a ground-glass joint and provides 
a much easier method of adjusting the internal level. ( 2 ) The use of two 
membranes, AT, of conveniently small area in conjunction with a cell, A, of 
small volume greatly increases the rate of equilibration. (3) The reference 
capillary, D, of the same bore as the working capillary, B, is very convenient. 

The assembly and the operation of the osmometer is obvious from the 
figure. The close-fitting rod, E, which may be of any suitably nonreactive 

m D. M. French and It. II. Ewart, hid. Eng. Chem ., Anal. Ed., 19, 165 (1947). G. 
D. Sarnia an 1 H. b. Johnson, ibid., 19, 261 (1947). 

m B. H. Zimm and I. Mycreon, J. Am. Chem. Soc., 68, 911 (1946). 
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material, effectively closes the tube, C, by capillarity. If 

nate method of closing the filling tube can be emp '°^ U ; J c ^ k ' sellle d 

clamp arrangement shown (S-K) or by means of a glass stopco " k f 

o„ at the top of C. Theside plates, P, and the.r fasteners may be made of 

the materials discussed in connection with the Schulz apparatus, 
tricate grid openings, G, H, shown in the side plates can be simplified to a 
series of drill holes, with or without the use of a filter-paper mem na 

SU An improvement on this admirably designed apparatus, especially if 
employed at elevated temperatures, would be to enclose it complete y in 
manner similar to that of the modified Schulz apparatus. £ his would pi c- 
vent solvent-evaporation losses and the deleterious effect ofthe absorption 
of water from the atmosphere in cases where water-misc.b e orgamc HoWent 
systems are measured. It also serves to increase the temperature 
formity in all parts of the thermostated instrument. 


6. Carter-Record Osmometer 

This instrument, 11 * shown in figure 15, is a virtually all-glass osmometer 
designed to be operated exclusively by the dynamic-equilibrium principle. 



0 12 3 cm. 

Fig. 15—The Carter-Record osmometer."* 

Its construction and method of operation are almost self-evident from the 
diagram. The solution phase is in the half-cell, A, which is provided with 
a stirrer which is operated magnetically. The solvent is in the half-cell, 

113 S. R. Carter and B. R. Record, /. Chem. Soc., 1939, 660. 
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B. The membrane, M, is supported by the upper, convex surface of the 
disk, D. An external gaseous pressure of known magnitude is applied to 
the solution and the rate of How of the solvent is measured in the water- 
jacketed calibrated capillary, C. As pointed out in Section IV, the 
osmotic pressure will be equal to the external pressure corresponding to 
zero flow (whether evaluated directly or indirectly by graphic methods) 
minus an internal head corresponding to the vertical height between the 
center of the bore at C and the meniscus, E , minus the capillary effect at E, 
plus the capillary effect in C; insignificant density differences in solvent 
and solution and no specific membrane effects are assumed. 

In addition to the arrangement for stirring, two important features are 
to be noted: (/) the use of the planoconvex backing disk to eliminate mem¬ 
brane ballooning; and (2) the provision of a mercury-filled ring around the 
edge of the membrane to prevent lateral leakage of the cell contents into 
the water bath. This provision is very important when the membrane is 
in contact with a liquid which is not one of the phases of the system being 
studied, e. g., the thermostat liquid. Carter and Record recommend that 
the mercury in the seal be under a pressure of about one atmosphere. If 
the solvent of the system does not attack (swell) rubber, a section of a 
heavy-walled rubber tube liberally coated with silicone grease is a possible 
substitute for the pressurized mercury seal. 

Carter and Record state that the use of a stirrer was a very effective 
way to eliminate a slow, steady increase in the apparent osmotic pressure, 
which increase continued for several days. By its use they were able to 
attain equilibrium conditions within an hour in most cases. 

7. Fuoss-Mead Osmometer 

Of the several modifications of the symmetrical metal-cell osmometer 
first described by Samwel and by van Campen, 114 perhaps the best desigD 
is that of Fuoss and Mead. ,,s 

The cell proper consists of two carefully machined metal blocks, each of 
which has a system of semicircular channels, 2 mm. wide, 2 mm. deep, and 
3 mm. between the center lines, with a vertical center channel, 3 mm. wide, 
extending from the bottom to the upper ports, as shown. A membrane, 
about 13 cm. in diameter, is clamped between the half-cells; the series of 
flat ridges between the channels support the membrane in the interior of the 
cell and minimize ballooning effects. The outer rings of the half-cells, be- 

1,4 P. J. P. Samwel, Thesis, University of Amsterdam, 1930. E. H. Bucher and P. J. 
P. Samwel, Trans. Faraday Soc., 29, 32 (1933). P. van Campen, Rec. trav. chim., 50, 915 
(1931). 

1,4 R. M. Fuoss and D. J. Mead, J. Phys. Chem., 47, 59 (1943). 
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tween which the clamped membrane serves as a gasket, are ‘A ' n _ 
are slightly higher (in elevation) than the supporting ridges. g 
nins (not shown) assure accurate alignment of half-cell ridge . 

Fuoss and Mead lagged the assembled cell by packing it in a basswood 
box with cotton waste. Other investigators- have suggested the use of 



INCHES 


Fig. 16.—The Fuoss-Mead osmometer—vertical modification (complete). 116 


jacketed half-cells; complete immersion of the assembled cell in a liquid 
thermostat should be avoided (see page 534). In certain instances, more 
adequate gasketing than the membrane itself furnishes must be consid¬ 
ered. 117 

Fuoss and Mead describe the use of their cell by two fundamentally dif¬ 
ferent arrangements. The first, or horizontal, arrangement is essentially 

»*D. W. Scott, /. Am. Chem. Soc ., 68, 1877 (1946). K. B. Goldblum, /. Phys. & 
Colloid Chem., 51,474 (1947). 

117 A. F. Sirianni, L. M. Wise, and R. L. McIntosh, Can. J. Restarch, B25, 301 (1947)* 
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that employed by Samwel, by van Campen, and by Montonna and Jilk. 118 
The upper ports of both half-cells lead to metal single-valve blocks, similar 
to those shown. The lower port of the solution cell is connected to a verti¬ 
cal Vt-in. (outside diameter) glass standtube through a Fernico bushing on 
a 3 /copper tube. The solution in this tube is thus open to the at¬ 
mosphere. The bottom port of the solvent cell communicates with a 



Fig. j7_—The Fuoss-Mead osmometer—details of the interior of half-cell. n ‘ 


double-valve block like that shown on the right of figure 16, including the 
glass filling tube surrounding the long valve stem. The other valve of this 
block leads to a 25-mil horizontal capillary tube mounted over an accurate 
scale. Care must be taken to insure that the capillary and its scale are 
level and the solution standtube vertical to avoid measurement errors. 

The rate of flow of solvent in the horizontal capillary is determined as a 
function of the effective head of liquid in the instrument and the zero-flow 
head is determined as described on page 515. The effective head, in centi¬ 
meters of solution, is the vertical height of the solution meniscus in the 

«» R. E. Montonna and L. T. Jilk, J. Phys. Chem., 45, 1376 (1941). 
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si and tube above the center of the bore of the capillary plus the capillaj 
rise of the solvent in the capillary minus the capillary rise of th 
The latter, being in a Win. tube, is small and usually negligible. 

The second, or vertical, arrangement is that illustrated in figures 
17. Using this arrangement, the best method of operation of the osmome¬ 
ter is by the half-sum method (page 514) or the static-elevation method 

^*In either arrangement it is important that all entrapped gas (air) be ic 
moved from the cell. Aside from careful filling, this can best be done by 
oscillating the liquid back and forth through its half-cell or flushing out 
any entrapped gas by rapidly running out a quantity of liquid. 

The Fuoss-Mead cell employs a membrane having an effective area oi 
about 75 cm. 3 . The capacity of each half-cell is about 14 cc.; thus, the 
ratio of area to volume is about 5.0. Other similarly designed osmometers 
have been described by Herzog and Spurlin" 3 and by Flory which u 
membranes of about 5 and 8 cm. in diameter, respectively. 1 heir insti u- 
ments have area-volume ratios of approximately 1.5 and 3.0. lhe van 
Campen osmometer, although somewhat inferior in design, uses a larger 
membrane than the Fuoss-Mead instrument and has an area-volume ratio 
of 9.0. The importance of the value of this ratio has been discussed on 


page 0 * 1 . 

The disadvantages of this type of osmometer are: (f) the intricate and 
therefore expensive machining; (2) the vulnerability of readily available 
metals to corrosion; and (3) the possibility of entrapment of gas (air) 
which cannot easily be checked because of nontransparency of the cell. 
It might be feasible to use certain transparent or translucent plastics in 
fabricating the half-cells, e. g., nonplasticized polystyrene, polymethy 
methacrylate, or the polyvinyl and polyvinylidene derivatives, as a method 
of avoiding the last two disadvantages enumerated. 


8. Hepp Osmometer 

The instrument described by Hepp 121 is an excellent example of one whose 
use is almost entirely limited to the dynamic-equilibrium method of opera¬ 
tion, because of the peculiarities of design and to the small volume of solu¬ 
tion required. The design, shown in figure 18, is reminiscent of an upside- 
down version of the Krogh-Nakazawa osmometer, 122 although it is capable 
of considerably greater accuracy, i. e., of from 1 to 2 mm. of solution. 

n* R. O. Herzog and H. M. Spurlin, Z. physik. Chem., Bodenstein Festband, 239 (1931). 

120 P. J. Flory, J. Am. Chem. Soc., 65, 372 (1943). 

121 0. Hepp, Z. ges. expll. Med., 99, 709 (1936). 

m A. II. Krogh and F. Nakazawa, Biochem. Z., 188, 246 (1927). Sec also A. II. 
Turner, J. Biol. Chem., 96, 487 (1932). It. M. Hill, ibid, 99, 323 (.1933). 
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The details of construction should be clear from the figure, with the 
added remark that the pair of screws on the left represents one of four sets 
equally spaced around the peripheiy of the cell. The shaded parts consist 
of a suitably resistant metal, the cross-hatched parts of glass, and the black 
parts of hard rubber or other elastic material. The membrane is located 
at 1 , the solution at 2 , and the solvent at 3, which is continuous with solvent 
in the horizontal capillary tube, 4- The inner diameter of the glass ring, 
the cross section of which is shown at 5, may be 2.2, 3.2, or 4.5 cm., depend¬ 
ing upon the volume of solution available for the measurement. Hepp 
recommends that the depth of solution over the membrane be between 1 



and 2 mm.; thus, the solution volume required may vary from 0.4 to 3.2 
cc. This osmometer was developed primarily for studies of biological 
fluids. 

Hepp applied a manually controlled, positive external pressure at the 
tubulure, 6, and observed the direction and the rate of flow by means of a 
comparator telescope focused on the meniscus in the capillary. Rehm 123 
has recently suggested a modification of this osmometer, in which a nega¬ 
tive, i. e., subatmospheric, pressure is applied at the end of the capillary. 
This simplifies the cell construction and permits the cell to be filled, emptied, 
and rinsed with less trouble. Rehm’s modification is much simpler in de¬ 
sign and in the number of the materials of construction used; especially 
interesting is the use of polymethyl mfethacrylate in place of glass and metal. 

The osmotic pressure will be equal to the magnitude of the external pres¬ 
sure corresponding to zero flow plus the capillary effect in the capillary 
minus the capillary effect in ring 5 plus the internal head. The internal 
head corresponds to a column of solvent of height equal to the vertical dis- 


»» W. S. Hcliin, Science, 100, 364 (1044). 
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fa< Peters'andSaslow 1 * 4 used the instrument in their detemmation ofjhe 
molecular weight of horse serum albumin, for which they obtained a va 
of 73,400. More recently, Foster and Hixon>» used the method in th 
studies of corn and tapioca solutions. 

9. Simms- Zwemer-Lowenstein Osmometer 

The osmometer designed by Simms, Zwemer, and Lowenstein>» is par¬ 
ticularly interesting because it is of all-glass construction, has no capillary 
or internal-head correction, and provides for the maintenance of an 

•lfmosphere over the solution. . 

The complete apparatus is shown in figure 19, including a flow-rate indi - 
tor and a leveling-bulb pressure device. The three-way stopcock, A, is 



MANOMETER F 


MEMBRANE 


POROUS 
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BULB 


Mi WATER 


"’•* LOWER CHAMBER FOR 
REFERENCE SOLUTION 



Fig. 19.—The Simms-Zwemcr-Ix>wenstein osmometer. 12C 

used to fill and empty the solvent side of the instrument, and also to adjust 
the level of this liquid in the capillary, E. The solvent is run into the 
lower chamber until all the air is displaced from the fritted glass or ceramic 

>*« E. Peters and G. Saslow, J. Gen. Physiol, 23, 177 (1939). 

124 J. F. Foster and R. M. Hixon, J. Am. Chem. Soe., 66, 557 (1944). 

,M H. S. Simms, It. L. Zwemer, and B. E. Lowenstein, J. Lab. Clin. Med., 28, 113 
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hacking disk, the membrane is put. into place, and the upper chamber is 
damped tightly onto the lower. After the upper surface of the membrane 
has been thoroughly blotted with absorbent to remove all superficial 
solvent, between 1 and 2 cc. of solution is pipetted into the upper chamber 
and, if desired, an inert atmosphere is maintained above it by passing a 
suitable gas through the side arm and venting it through an orifice in the 
top of the cover. Significant pressure from this source must be avoided. 
When the membrane has been drawn down against the backing disk by the 
application of a negative manometer pressure, additional solvent is run in 
from the filling cup through A, until the level in E is at the same height as 
the solution in the upper chamber. A negative manometer pressure is ap¬ 
plied by opening the stopcocks B and C to the upper tube, closing stopcock 
D, and lowering the leveling bulb. 

Following this, B is completely closed, D opened, and the manometer 
liquid brought to the zero of the manometer scale. Stopcock D is then 
closed, B opened to the upper tube, and a negative pressure of a magnitude 
approximating that estimated for the osmotic pressure of the system ap¬ 
plied. Stopcocks B and C are then adjusted so as to communicate with 
the lower (indicator) tube, whose diameter is about 0.75 mm., and in 
which a short section of a nonvolatile, glass-wetting liquid serves as a flow 
indicator. The direction and rate of flow arc noted and, by successive 
adjustment, the manometer is brought to a level for which the slug shows 
no movement in a period of at least 5 or 10 minutes. A suitable lubricant 
may be used on stopcocks B, C, and D, which must be airtight. 

The pressure in centimeters of manometer liquid, as read directly on the 
inverted manometer scale, yields the osmotic pressure of the system directly 
with no further corrections required except perhaps that associated with a 
specific membrane effect (page 518), provided the following instrument di¬ 
mensions and surface tension requirements are met: (/) the internal di¬ 
ameter of tubes E and F must be identical (about 3 mm.); (2) the internal 
diameters of the upper chamber and of the leveling bulb should be prac¬ 
tically identical (about 25 mm.); and (3) the surface tension of the manom¬ 
eter liquid should be within 5% of that of the solution and the solvent. 
The instrument, which was employed in studies of blood plasma, was found 
to yield results which were reproducible to within 5 mm. of water. 

VI. OSMOMETERS EMPLOYING GASEOUS MEMBRANES 
1. Introduction and General Remarks 

Several types of apparatus in which vapor is employed as a semiperme- 
able membrane have been described. These methods, although usually 
associated with direct osmometry, are perhaps more properly identifiable 
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,vith the fundamentally related differential vapor pressure methods as 
lucked by the principle of operation involved and the range an 
J of the resets obtained. Inasmuch as such a distinction ,s —vhat arb, 
t ary and in view of the fact that this principle of measurement has not 
been described elsewhere in this volume, the fonmvmg fovw rcpresento ve 
methods will be briefly presented: (/) the isothermal ^J^mn^cro^ 
method of Barger; (2) the isothermal distillat.on macromethod of Schwarz 
Signer; (3) the porous-disk method of Frazer; and (/,) the thcimoclcct 

"'ThfseiS'emeabnity of a gaseous membrane is fairly 

that it is permeable to all components of a solute-solvent system wh.ch 

have appreciable vapor pressures and is impermeable to those ^vh.ch 
not. Hence it is a relative property. For obv.ous pract.cal reasons, .t «8 
essential that the volatile (permeable) component be a smgle chemica 
spedeTnot a mixture, and that its vapor pressure be at least a thousand 
thnes greater than the vapor pressure of any of the remammg components 

° f SI apparent at once that the equivalent of a Donnan effect 
cannot occur. In the measurement of the osmotic activity of one pai titu¬ 
lar solute species in the presence of one or more other solute species it . 
essential that the utmost precaution be taken to insure that the mo al con¬ 
centration of each of the “noncontribuling” solutes be absolutely identical 
in the two phases, 1 " so that no vapor pressure differential is produced by 

th The precision obtainable by a differential vapor pressure method of given 
sensitivity depends upon the concentration of the contributing solute, tlic 
temperature of the measurement, and the partial vapor pressure and 
molecular volume (M./po) of the volatile component. The greater the 
magnitude of these, individually or collectively, the greater the range 
and/or precision attainable. 

This method is a relative one, i. e., a solution of known vapor pressure is 
compared with one of unknown vapor pressure. If the solutions obey 
Raoult’s law and are sufficiently dilute so that the number of moles o 
solute in each is negligible in comparison with the number of moles of vola¬ 
tile solvent, which is generally the case, molecular weights can be calculated 
from comparative vapor pressure data by means of the equation: 


M 2 = Mimpo/wiipo ~ p) 


(28) 


m In this it is assumed that the thermodynamic activity coefficient of each of the 
noncontributing solute species is also identical in the two phases. In view of the con¬ 
tributing solute concentration which is generally employed in this type of measurement, 
this is a reasonable assumption. 
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where M , and M 2 are the molecular weights of the volatile component and 
the contributing solute, respec tively, u>, and iv 2 are the gravimetric weights 
of the solvent (including the noncontributing solute or solutes) and the 
contributing solute, respectively. The vapor pressure of the solvent is 
given by p p , that of the solution by p. In the event that the comparison 
liquid is itself a solution, its known vapor pressure is taken as p 0 and the 
gravimetric weight of it, used to dissolve w 2 grams of solute whose effect 
is being measured, is taken as tax. The molecular weight, M h refers to the 
molecular weight in the vapor phase. 

2. Barger’s Isothermal Distillation Method 

In the original method described by Barger, 128 five or seven slugs of the 
known and unknown liquids are alternately placed in a short capillary tube 
so that each is separated from the next by a vapor space. This must be 
done in a manner which will preclude mechanical mixing. The rate and 
the direction of distillation of the common volatile component from one 
liquid to the other are observed by means of a microscope fitted with a filar 
micrometer eyepiece. From these data, obtained for a series of liquids of 
known but different vapor pressures, the vapor pressure of the unknown 
liquid can be evaluated by extrapolation or interpolation. 

Modifications of this method have been proposed by Rast, 12 ® Berl and 
Hefter, 130 and Niederl el al. t 181 in which the tedious and difficult fillingopera- 
lion is greatly simplified. Separate capillary tubes are filled with their 
respective liquids or solutions to be compared, and are connected together 
through a common vapor space which, if desired, may be evacuated in 
order to increase the free mean path of the vapor molecules and thus in¬ 
crease the distillation rate. If evacuation is employed, however, it is es¬ 
sential that the degree of evacuation be the same in all cases in a given 
series of determinations. 

1 hese methods are, for the most part, limited to the comparison of low 
molecular weight solutes, ranging from about 100 to 500. Barger and 
Hast applied their apparatus to the evaluation of the molecular weights of 
ordinary organic compounds dissolved in appropriate solvents. Berl and 
Hefter used the method for the determination of the vapor-pressure lower¬ 
ing produced in ether, in acetone, and in benzene by various light lubricat¬ 
ing oils. 

'* Barger, Bcr., 37, 1754 (1004); J. Chem. Sor., 85, 286 (1904). 

,w K. Hast, Her., 54, 1979 (1921); Z. physiol. Chem., 126, 100 (1923). 

,Jn E. Berl and O. Hefter, Ann., 478, 235 (1930). 

1,1 J. B. Niederl and A. M. Levy, Science, 92, 225 (1940). J. B. Niederl and D. R. 
Kasanof, ibid., 100, 228 (1944). J. B. Niederl and V. Niederl, Micromethods of Quantita¬ 
tive Organic Analysis, 2nd cd., Wiley, New York, 1942, pp. 230-238. 
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3. Isothermal Distillation Method of Schwarz-Signer 

The apparatus describe! by Schwarz'** and by Signer'" operates on the 
same general principle as that described above. These are macrome hods 
in that about 5 cc. of each liquid is required. Signer s apparatus, « h.ch is 
perhaps the simpler of the two, is built entirely of glass and consists of 
two 40-mm. spherical bulbs connected by a short U-shaped tube of 25-mm. 
diameter. Each bulb has sealed to it, at right angles to the plane of the 
U tube, a 10-cc., closed-end tube, calibrated in 0.1-cc. divisions^ A so 
sealed to each bulb, at a point close to where the U tube is sealed, is a falling 

tU In operation, each bulb is filled with about 5 cc. of the respective liquid 
and after thoroughly cooling (or freezing) the liquids, the apparatus is 
evacuated completely and the filling tubes are sealed off. The apparatus 
is then totally immersed in a thermostat at the desired temperature and 
constant to within ±0.001° C. in such a position that each liquid drams 
into its calibrated tube. When drainage is complete, the volumes are 
noted and the liquids are brought back into the bulbs care being taken to 
avoid any mixing of them at any time. After a suitable period of time 
during which distillation from the solution of high vapor pressure to the 
one with lower vapor pressure will ensue, the liquids are returned to the 
volumetric tubes and their volumes redetermined. Using several stand¬ 
ards of known vapor pressure, the pressure of the unknown is evaluated 
from the rate of change of volume and graphical methods as outlined above. 

Gravimetric methods of following the rate of distillation have also been 
used, 134 but are less suitable due to the fact that the apparatus must be dis¬ 
mantled prior to each weighing. 

In Signer’s experiments, volume readings were made every day or two 
over periods of from 1 to 4 months. Among the solute-solvent systems 
studied were rubber fractions (molecular weight of about 0000) and balata 
(molecular weight of about 12,000) in an organic solvent. Gee, 13 * who 
used an instrument identical with that of Signer, states that the method 
is accurate to about 0.01 mm. (of benzene at 25° C.) and requires a tem¬ 
perature control of ±0.0022° C. 


4. Porous-Disk Method of Frazer et al. 

The method of measuring the differential vapor pressure of two liquids, 
having a common volatile component, by the principle of determining the 

132 K. Schwarz, Monatsh., 53/54, 926 (1929). 

133 R. Signer, Ann., 478, 246 (1930). 

134 P. Stambergcr, J. Chem. Soc., 1929, 2318. 

*•* G. Gee, Trans. Faraday Soc., 36, 1162 (1940). 



544 


K. H. W A G N E II 


magnitude of the tension (or negative pressure) required to be placed on 
the liquid of higher vapor pressure in order to equalize the vapor pressures 
was first quantitatively applied by Frazer and Patrick 136 and by Town- 
end. 137 Improved apparatus has since been devised, 138 but due to the 
complexity of the latter it will be expedient to outline here the method 
with the aid of a sketch of the original instrument used in 1027-28. 


TO MclEOD GAUGE 
SUPPLY OF AIR-FREE 
WATER. ANO PUMP 



Fig. 20.—The porous-disk apparatus of Frazer cl a/. l38,,IT 


This instrument, shown in figure 20, consists of a cell, A, having a sealed- 
in filter funnel with a porous disk of a porosity sufficiently small to support, 
by capillary action, a column of liquid of a height somewhat greater than 
the osmotic pressure of the solution to be measured. The funnel is sur- 

J. C. W. Frazer and W. A. Patrick, Z. physik. Chem., A130, 691 (1927). 

117 It. V. Townend, J. Am. Chem. Soc., 50, 2958 (1928). 

»» It. K. Taylor, ibid., 52, 3576 (1930). F. T. Martin and L. H. Schultz, J. Phys. 
Chem., 35, 638 (1931). W. C. Eichelbergcr, J. Am. Chem. Soc., 53, 2025 (1931). * 
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.minded by the solution of lower vapor pressure, which has been previously 
degassed Provision is made for stirring this solution in situ in ok e 
equalize temperature and concentration gradients during a dete r mmat,om 
In the apparatus shown this is done by means of a platinum padd e opera 
mechanically through a mercury seal on whose surface the solution floats, 

later refinements stirring is accomplished by magnetically operated de¬ 
vices A quantity of degassed solution (solvent) of known vapor pressure 
is introduced to the underside of the porous disk through traps D and / 
the solution being drawn or forced up so as to completely wet the disk and 

‘'hang” thereform by capillarity. It is essential that the disk be scrupu¬ 
lously clean and that no air or vapor be entrapped in or under it. lhe 
cell is repeatedly evacuated, both before and after filling, so that the pres¬ 
sure above the liquids is virtually equal to that of the partial pressure of the 

volatile constituent. . 

A negative pressure, t. e., less than the pressure at the surface of the solu¬ 
tion surrounding the funnel, is applied to the column of liquid under the 
disk by lowering the leveling bulb connected to B. The rates of distillation 
for various tensions, applied successively, are obtained by measuring the 
rate of positional change of the meniscus at E. From these data, the ten- 
sion required to bring about a zero rate of flow through the disk can be ob¬ 
tained by graphic methods. In magnitude, the zero-flow tension is equal 
to the osmotic pressure of the unknown solution relative to that of the known 

solution. , , . . . . e .. 

With reference to figure 20, the magnitude of the tension consists of the 

algebraic sum of: (i) the pressure indicated by the manometer C (taken 
as negative, as shown); (2) the difference in height of the levels F and E\ 
(3) the height of the column of solution under the disk, from E to the upper 
surface of the disk; and (4) a column of solution, referred to in (3) above, 
equal to the vertical height from the surface of the disk to the surface of the 
solution surrounding the funnel. This last contribution will be negative 
if the latter surface is below the upper disk surface. 

In the above analysis, it is assumed that no pressure drop exists across 
the mercury valve, D. In instruments of more recent design, the equiva¬ 
lents of C and D , of figure 20, are eliminated in the tension-determining 
path, the top of the cell, A , being connected directly to the tube shown at /'. 

Unfortunately the filling and operational procedures are difficult and 
tedious. In addition to this, the highest possible precision of temperature 
control and very efficient stirring within the cell are required for successful 
measurements. For example, the temperature must be controlled to within 
±0.00055° C. in order to evaluate usefully a vapor-pressure lowering of 
0.00074 mm. of mercury, corresponding to that of a solution of a 0.001 
molal potassium chloride solution relative to water at 25° C. and to an 



n. TT. w A f: N K It 


54G 


osmotic pressure of 50 g. per cm. 2 , or 50 cm. of water at 25° 0. Eichel- 
berger 138 described a thermostat capable of maintaining temperature to 
±0.0002° C. 

With the highest present attainable accuracy and precision, the method 
is capable of evaluating the osmotic pressure of a solute like tetraphenyl- 
ethylene (mol. wt. 332) in benzene at 27° C. to within 1%, provided the 
molal concentration is greater than 0.0035. 

5. Thermoelectric Method of Hill-Baldes 

This method is based on the measurement of the thermal e. m. f. pro¬ 
duced by two liquids having different vapor pressures in contact, respec¬ 
tively, with opposed thermopiles or thermocouples in an atmosphere at 
constant temperature and constant partial pressure of the volatile com¬ 
ponent, which is common to both liquids. 

In the original apparatus described by Hill, 139 thermopiles in the form of 
flat surfaces were used on which pieces of filter paper saturated with the 
known and unknown liquids were mounted. The thermopiles were en¬ 
closed in a water-tight, thermostated container, whose interior surfaces 
were lined with a filter paper wetted with a liquid of essentially the same 
composition as that of one of the liquids on the pile. The exact composi¬ 
tion of this liquid is not important, its function being to maintain the par¬ 
tial pressure of the volatile component at a constant level. At equilibrium, 
the local temperature of each thermal element (thermocouple or thermo¬ 
pile) below that of the ambient atmosphere will be directly proportional 
to the difference of the vapor pressure of the solution relative to the 
vapor pressure of the ambient atmosphere. Thus, the vapor pressure dif¬ 
ference between the two liquids on the thermopiles will produce a thermal 
e. m. f. measurable by a sensitive galvanometer. 

The method is empirical and must be calibrated with pure liquids and 
solutions of known vapor pressure. It has, however, the advantage of 
being direct, i. e., it does not depend upon the determination of a small 
quantity by the measurement of two separately determined large quanti¬ 
ties; it is fairly rapid and evidently is capable of an accuracy and precision 
roughly equivalent to a vapor-pressure difference of 8 X 10~ 6 mm. of 
mercury. 140 This quantity corresponds to a vapor-pressure lowering, rela¬ 
tive to water at 25° C., characteristic of 2 X 10“ 4 molal aqueous sucrose 
solution. 

The thermoelectric method, which is obviously a micromethod, has been 


'» A. V. Hill. Proc. Roy. Soc., London, A127, 9 (1930). 
110 It. K. lt.M-pki-, .7. Phya. Chrm., 46, 359 (1942). 
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Fig. 21.—Baldes' thermocouple 
element. 141 


* TO GALVANOMETER 


materially improved in .his and in other i^pecte by Baldes- and by Wson 
and Lorber. 142 Baldes’ principal contribution to the form of the ms 
ment was in the substitution of thermo¬ 
couples for thermopiles. These are of the 
form shown in figure 21 in which ABA rep¬ 
resents a piece of constantan wire, 15 mm. c c 

in length, soldered to manganin wires at 

A,A which are in turn soldered to copper _ _ 

leads at C,C. The loops are about 1 or 2 5 - yj 

mm in diameter: using manganin and A ... 

constantan wire of 2-mil diameter as little Fig. 2, -““® le ^ lt \ 4 * rmOCO,ip ° 
ns 0.1 mm. 3 of liquid will be required at 

The entire thermocouple must be 
((( ff coated with an insulating varnish which 

vT may be collodion, bakelite varnish, poly- 

I styrene, or any suitable nonconductor 

KM | provided it is not wet by the solutions 

| I to be applied. If desired, an assembly 

M of multiple pairs of thermoelements may 

be used for convenience in making mul¬ 
tiple determinations. If this is done it 
is essential that the thermoelements be 
insulated completely from each other. 

Lifson and Lorber have described an 
instrument and a technique of operation 
by means of which equilibrium can be 
f[ attained within 40 seconds after placing 

the unknown solution on the thermo- 

J\ jST" D couple loop. In their apparatus, shown 

F ~ t Jj in figure 22, it is recommended that the 

reference solution of known vapor pres- 
e- sure be placed on the filter paper lining 

A . the walls of the glass cylinder, F, and 

tus of Lifson and Lorber.- the brass floor, E, of the container as 

well as on one loop of the thermo¬ 
element. Following this, the apparatus is quickly assembled and thermo- 
stated in a water bath precise to ±0.001° C. When thermal and vapor 
equilibria have been attained, a microdrop of the unknown solution is placed 

141 E. J. Baldes, J. Sci. Instruments, 11, 223 (1934); Thesis, University of London, 
1936; Biodynamica, No. 46 (1939). 

142 N. Lifson and V. I/Orber, J. Biol. Chem., 158, 209 (1945). 
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on the other loop by means of a microburette, A BCD, the loop swung away 
from the hypodermic needle tip, D, and galvanometric measurements of 
the thermal e. m. f. begun. 

Lifson and Lorber used a Leeds & Northrup Type HS galvanometer 
having a maximum rated sensitivity of 0.05 microvolt per mm. of scale at 
1 meter and a free period of 9 seconds. The deflections obtained ranged 
from “100 mm. to +420 mm., corresponding to the comparison of pure 
water and 0.800 molal sodium chloride solution, respectively, with 0.157 
molal sodium chloride solution, the latter being, in this case, the primary 
reference standard. The deflections, obtained for five different concen¬ 
trations of salt, were linear with salt concentration over the entire range. 

In order to preclude possible changes in the composition of the reference 
solution, when it is not a pure liquid, during the period of attaining thermal 
and vapor equilibria, it is suggested that another microburette be provided 
for introducing the reference solution to its loop at about the same time 
that the unknown solution is introduced. 

According to Baldes and Roepke, 14 * the errors inherent in the method, 
as related to the properties of the materials measured, are: (/) the exist¬ 
ence of surface films; (£) the existence of different diffusion coefficients 
in the solutions compared; (5) the existence of an appreciably greater 
nonsolvent volume in the solutions compared; (4) differences in the heat 
of condensation; (5) differences in the size and shape of drop; ( 6 ) thermo¬ 
chemical reactions occurring in the unknown solution; and (7) the pres¬ 
ence of volatile solutes. 

The first four of these can be rendered negligible by comparing the un¬ 
known solution with a primary or secondary standard which is as nearly 
isosmotic to it as possible; this may require a successive approximation 
procedure. For similar reasons, it is recommended that the standard be 
used both on the loop and on the container surfaces. The effect of the 
size and shape of drop is evidently of no significant importance in prac¬ 
tice. 144 The heat produced by a thermochemical reaction cannot be satis¬ 
factorily corrected for, although it can be minimized by carrying out the 
measurements at a low temperature. The presence of more than one vola¬ 
tile component must be avoided (see page 541). 

Instrumental errors resulting from nonuniformity or asymmetry of the 
atmosphere within the cell and also from parasitic e. m. f. values, which 
may possibly exist in the thermocouple circuits, can be corrected for by 
reversing the position of the solutions with respect to the thermocouple 
loops and taking, as the final reading, the mean of the two determinations. 


,4 » E. J. Baldes and R. R. Roepke, J. Biol. Chen,., 126, 349 (1938). 

Idem. Also R. Eollansbee, Proc. Soc. Erptl. Biol. Med., 59, 131 (1945). 
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The thermoelectric method has been employed in the study of biological 
fluids, principally blood plasma and sera, aqueous humor, and mtestina 
fluids '« Kocpke and Mason 1 " used it in the determmation of the osmotic 
coefficient, a (see page 497), of bile salts in aqueous solutions which they 
SkZa measure of aggregation. Westfall and Landis- compared the 
vapor pressure of aqueous solutions of inulin, a polysaccharide, with water 
and also with especially pure sucrose solutions. From their results, molec¬ 
ular weights of 341 for sucrose and 5100 for inulin were indicated. 

.« H . M. Fox and E. J. Baldcs, J. Expll. Biol-, 12, 174 (1035). G H. Bonlmm H. 
Duvson, and W. S. Dukc-Elder, J. Phyxiol., 89, 61 (1937). G. H. Bcnham, W.SLDuke 
■Older, and T. H. Hodcson, ibid.. 92, 355 (1038). R. R. Ih^pkn awl .VL B V'.s.s.hcr, 
/-roc. Sac. Expll. Biol. Med., 41, 500 (1939). R. R. Rocpkc and W. A. Hethonngton, 
Am. J. Physiol., 130, 340 (1940). N. Lifson, J. Biol. Chem., 152, 659 (1944). 

»«« R. R. Roepke and H. L. Mason, J. Biol. Chem., 133, 103 (1940). 

t« B. B. Westfall and E. M. Landis, J. Biol. Chem., 116, 727 (1936). 
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I. INTRODUCTION 

If inhomogeneities in concentration exist in a system of miscible materi¬ 
als, the mobile constituents will migrate toward regions of lower concentra¬ 
tion, and in the absence of external forces, the components will, in course 
of time, become uniformly distributed throughout the entire volume. This 
migratory phenomenon, which is brought about by thermal agitation or 
collisional impact of neighboring particles, is called diffusion or, more spe¬ 
cifically, translational diffusion. Seld-diffusion is a special case involving 
the intermixing of identical particles. In practice, the interdiffusion of 
similar particles such as isotopes is classed as self-diffusion. Rotary dif¬ 
fusion ., which consists of a rearrangement of anisotropic particles from a 
state of preferred order to one of random distribution, differs from the 
process just described in that a mass migration of material does not occur. 
An orderly arrangement of particles may result, for example, from the 
application of a shearing stress or of an electric field, depending upon the 
type of anisotropy involved. 

The driving force underlying diffusion is the thermodynamic free-energy 
gradient, which is determined by such factors as temperature, entropy, com¬ 
position, etc. The process is irreversible in consequence of the second law 
of thermodynamics. A condition of uniform thermodynamic activity 
must exist throughout the system when equilibrium is established. Re¬ 
lated concepts such as chemical potential, electrochemical potential, and 
osmotic activity have been employed as methods of approach in the theo¬ 
retical treatment of diffusion phenomena. 

The first mathematical description of the process of translational dif¬ 
fusion was given by Fick 1 who, recognizing an analogy between diffusivity 
and heat conduction, introduced the classical equation: 

Q = —D(dc/dx) (1) 

for unidirectional diffusion, in which Q is the flux, i. e., the amount of ma¬ 
terial crossing a plane of unit area per unit time, dc/dx is the concentration 
gradient, and D is a proportionality factor called the diffusion coefficient. 
In this relation the assumption was made that D is constant for a given sys¬ 
tem. Experimental evidence, however, has shown that, in general, D is a 
function of concentration and possibly also of concentration gradient. 
Since Fick’s equation is derivable from the osmotic theory a limiting value 
of D at infinite dilution is to be expected. The relation is therefore recog¬ 
nized as a typical limiting law. 

Since the value of D for a given material is dependent upon experimental 
1 A. Fick, Ann. Physik, 94, 59 (1855). 
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conditions, these conditions should always be 

should of course, be maintained at a known value throughout an expen 
ment ’ If D is determined as an average value over a range of concentra- 
tion, it is termed an integral diffusion coefficient ;: if it is calculated for a 
specific concentration, it is termed a differential diffusion «**»«*- ^n 
fortunately, many values of D reported in the literature ^e "either t ue 
integral nor differential values because they have been calculated on he 
assumption that D is independent of concentration. Furthe,I "° r ®' th * 
value of D is dependent upon the frame of reference to which the process 
referred. Experimental measurements are made in a frame of reference 
fixed with respect to a plane in the system. However, the diffusion process 
is accompanied by a flow of solvent, and, if Q is computed relative to the 
solvent, the coefficient, D, thus determined, refers to a frame of reference 
moving with the solvent. In order to establish D completely, therefore, 
the frame of reference as well as the values of the dependent variables in 


the system should be specified. 

The study of diffusion in theory and practice has been applied to solid, 
liquid, and gaseous systems. In the development of the kinetic theory of 
gases and of structural theories of solids, the effort has been well rewarded. 
Its contribution to our knowledge of the molecular structure of liquids has 
been less fruitful. However, much useful information has been gained 
from the study of solutions. Developments have been somewhat hampered 
by the lack of satisfactory experimental evidence for verification of the 

theory. . 

In the field of organic chemistry the study of translational diffusion in 
liquid systems and the analogous problem of diffusion in gels is of primary 
interest. Hence, in the present discussion we shall deal mainly with these 
phases of the subject. For a discussion of rotary diffusion, gaseous dif¬ 
fusion, and diffusion in solids the reader is referred to the works of Edsall , 2 3 
Sherwood , 3 and Barrer . 4 The following is a list of some of the particular 
fields in which the study of diffusion in liquid systems has found useful 


application. 


(/) Determination of particle size (molecular weight). 

(#) Estimation of the charge on, or the ionization of, colloidal particles. 

(3) Determination of frictional coefficients. 

(4) Study of solution rates. 

( 6 ) Study of heterogeneous reaction rates. 


2 J. T. Edsall, in Advances in Colloid Science. Vol. I, Interscience, New York, 1942. 

3 T. K. Sherwood, Absorption and Extraction. McGraw-Hill, New York, 1937, 
Chapter 1. 

* R. M. Barrer, Diffusion in and through Solids. Cambridge Univ. Press, London, 
1941. 
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(6) Development of the theory of electrolytic solutions. 

(7) Study of the porosity and structure of gels. 

(5) Separation of materials in solution. 

(5) Study of the permeability of membranes. 

In the present chapter the theoretical treatment will emphasize the in¬ 
terpretation of experimental data in terms of the diffusion coefficient. 
Moreover, since diffusion studies have been applied extensively to the de¬ 
termination of particle size or molecular weight, a brief account will be 
given of this phase of the subject, including the interpretation of combined 
data of diffusion, viscosity, and sedimentation. 

II. THEORETICAL CONSIDERATIONS 

Fick’s definition of diffusivity serves as a basis for the computation of 
diffusion coefficients from experimental data at constant temperature and 
pressure. The temperature coefficient of diffusion is relatively high but 
pressure effects in liquid systems can ordinarily be neglected. The equa¬ 
tion is applicable only to systems in which the intermixing of the com¬ 
ponents is not accompanied by changes in volume. The practical useful¬ 
ness of equation (1), which is usually referred to as Fick’s first law, is de¬ 
pendent upon the experimental evaluation of Q and of dc/dx. The minus 
sign means that diffusion takes place in the direction of decreasing concen¬ 
tration. Measurements of this kind have been accomplished experimentally, 
but it is usually desirable to avoid the difficulties involved in the measure¬ 
ment of Q. If equation (1) is combined with the hydrodynamic equation 
of continuity: 

dc/dt = -dQ/dx (2) 

the more general and useful relation: 

dc/dt = d(D dc/dx)/dx (3) 

referred to as Fick’s second law, is obtained, in which c is concentration, t 
is time, and x is distance. Therefore, provided that equation (3) can be 
integrated, D can be determined in a fixed frame of reference from measure¬ 
ments of either dc/dx or c, as a function of x and t. The units in which con¬ 
centration is measured cancel in the equation and if x is measured in centi¬ 
meters and t in seconds, D has the dimension of square centimeters per 
second. The integration of the equation depends upon the nature of D. 

On the assumption that D is constant, which may be justifiable in cases 
involving very dilute solutions or small concentration ranges, the integra¬ 
tion of equation (3) is straightforward since it may be written in the form: 

dc/dt = D(d 7 c/dx 2 ) (4) 
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2S=i 

different eoncentration in a vertieal column of effectively nfini e ^ d ’ ur - 
in which concentration changes do not occur at the ends o the colu^du 
ing the period of observation, the solution of equation (4) has the form. 


C = Co + 


Co - 


cjf, 2 /W" 

L v* Jo 




dy 


] 


(5) 


in which Co and c' 0 are the initial concentrations of the upper and lower solu- 
tions, respectively, c is the concentration at the level, x, an e seco 



Fig. 1.—Concentration distribution in free dif¬ 
fusion. 


term in brackets is the probability integral in which y is an arbitrary inte¬ 
gration variable. If the upper phase is initially pure solvent, equation (5) 
may be written: 



( 6 ) 


in which.¥(x/2 VDt) represents the probability integral. When solved 
for D, the equation becomes: 


D _ t _i_T 

41 [**(1 - 2c/c ' 0 )J 



5 R. Furth, EinfUhrung in die theorelische Physik. Springer, Vienna, 1936, Chapter 


11. 
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in which **(1 — 2 c/c' 0 ) is the inverse function of the probability integral. 
The coefficient D can therefore be readily computed from experimental values 
of c, x, and t by reference to probability integral tables. 6 A typical family 
of curves represented by equation (6) is shown in figure 1, for various values 
of t. 

If D is to be determined from measurements of concentration gradient 
along the column, rather than of concentration, it is convenient to use a 
solution of equation (4) in the form: 


_ = C ° ~ C <> -xVADl 

dx 2\Ar Dt 


( 8 ) 


A plot of dc/dx vs. x has the shape of a normal distribution curve if D is con¬ 
stant. Methods of computing D from equation (8) are discussed on page 
583. 

Case lb. —If the initial conditions are the same as those in case la 
but the concentration of the lower solution is maintained constant and 
homogeneous, then the concentration at any point, x, above the boundary, 
at a given time, will be twice that found in the previous case. If the 
concentration of the upper solution is initially zero, which is usually the 
case, the solution for D becomes: 


D 4 1 [**(1 - c/co )] (9) 

A set of curves which satisfy this condition will have the general shape of 
those in the lower half of figure 1. 

Case 2, Restricted Diffusion. —In a column of finite length, free diffu¬ 
sion becomes restricted when concentration changes begin to occur at 
the ends of the column. The processes before and after this point is reached 
are sometimes referred to as the first and second stages of diffusion, re¬ 
spectively. The general solution of equation (4) in the case of restricted 
diffusion is a Fourier series of the form: 


c = .4 +" if cos ^ (10) 

n -0 l 

in which A and B n are coefficients and l is length of the diffusion column. 
This equation is cumbersome but its application may be simplified by a 
suitable choice of experimenta 1 conditions. In one type of experiment, for 
instance, the boundary between solution and solvent is formed at a position 
one fourth of the total distance up the column. After sufficient diffusion 

• Tables of Probability Functions. Vol. 1, U. S. Natl. Bur. Standards, MT8, Wash¬ 
ington, 1041. 
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has tak en place, the medium is divided into four equal sections or layere of 
height, h = //4, and the mean concentration of solute in each sec 
determined. In this case: 

(ID 


, T1 2 n “ * 1 . nr 

Co - + " E - sin —- cos 
L4 irn-on 4 


nrx (nw /ih)*Dt 
4 h 6 




and by summation of the series it is possible to determine values of c/cj, 
corresponding to various values of Dt/h'. Tables were comp.led by Stefan 
and Kawalki 8 by means of which values of D can readily be computed for 
the four different sections from known values of c/c 0 . 

The work of Harned and coworkers 9 affords an excellent example of re¬ 
stricted diffusion in which the mathematical interpretation of results is 
greatly simplified by the choice of experimental conditions. In this method 
the difference in concentration between two levels at equal distances from 
the ends of the diffusion column is measured. The difference in concentra¬ 
tion is expressed by the relation: 


o' - c* 


2 B*-"*'" cos j + cos + 


5rx 


2 B«-»" Dl/l ' cos ^ • (12) 


It will be noted that all even terms vanish and that the scries converges 
very rapidly. If x = //6, the second term is zero and, in the later stages of 
diffusion, only the first term has significance. Therefore: 

c' - c* = 2A x e- ,pi/ " (13) 


and: 

ln(c' - O = - rWl/l 2 + constant (14) 

A plot of ln(c' — O vs. t should be a straight line in which case the slope 
is equal to r*D/l 2 and D may be expressed by the simple relation: 



r- t 


(15) 


in w'hich 1/r is the slope of the line. 

Case 3, Steady-State Diffusion.—If diffusion takes place along an 
open column of finite length, the concentration at the upper end being 

7 J. Stefan, Sitzber. Akad. lPiss. Wien, 79, 161 (1879). 

8 W. Kawalki, Ann. Physik, 52, 166 (1894). 

9 II. S. Harned and R. L. Nuttall, J. Am. Chem. Soc., 69, 736 (1947). 
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maintained either at zero or at a constant value c w and that at the lower 
end being kept at a constant value c' (greater than c"), a steady state of flux 
and of concentration distribution will eventually be established. The value 
of Q will be constant at all levels and, if D is constant in a fixed frame of 
reference, the concentration gradient will be linear along the column. The 
concentration at any level, x, is then given by the linear equation: 


c = c' c‘) (16) 

in which t, as a parameter, does not appear. Since dc/dt is zero for the 
steady state, equation (4) takes the form of Fick’s first law and D may be 
calculated from the equation in the modified form: 


D = -Q(dc/dx)-» (17) 

The preceding treatment describes the diffusion process in a frame of 
reference fixed in the system. Actually, however, a flow of solvent takes 
place unless the partial specific volume of the solution is zero. Determina¬ 
tion of D in the moving frame of reference requires a term in the Fick equa¬ 
tion to account for the flow of solution resulting from volume changes. 
The equation then has the form: 





(18) 


in which dq/dt is the rate of transfer of solute across a plane of unit area, 
at concentration, c, dV/dt is the rate of change of volume of residual 
solution, and D„ is the diffusion coefficient. Since: 


dV = dVdq 
dt dq dt 


(18a) 


it follows that: 



(18b) 


If q is expressed in grams, dV/dq = V, the partial specific volume. There¬ 
fore: 

D. = D( 1 + cV) (18c) 

If the concentration of residual solution is not uniform a mean value of 
V may be used as a first approximation, or the curve of c vs. V plotted and 
integrated. 

Clack 10 derived a similar expression to correct for solvent counter flow 
in steady state diffusion. In this equation: 

w B. W. Clack, Proc. Phyi. Soc. London, 36,313 (1924). 
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d.-d(i + 5^- c ) 


(18d) 


c is the concentration and d the density at a given level in the column wid 
p the ratio of the mass of solvent entering the column to the mass of solute 

diffusing out in a given time. ration a solu- 

ln the general case, in which D is dependent upon concent ataon, a solu 

tion of equation (3) is not available without furtherassumptions. Inthe 

special case of free diffusion in which D is constant (case 1) it l > a PP ar ®“ 

S equation (6) thatc/cj = f W Vt) and that c = 

of & Boltzmann 11 assumed that the relation, c — f(x/\/1) 

of cj, can be generalized to include free diffusion processes m which D s not 

constant. If D is not constant and c = fWV t) the rela ton D - M » 

necessary and sufficient to establish D. In this case equation (3) can be 

expressed in terms of one independent variable (x/V t) and its solution has 

the form: 

(19) 


dK 

D 2 dc Jo 


dc 


in 


which X = x/Vt- If t is constant, the equation can be written: 


D 


1 dx f e 
2 1 dc J 0 


x dc 


( 20 ) 


and if x is constant: 


D - -r 


X* d(i/Vi) 


dc 




( 21 ) 


In the case of experimental methods in which the concentration 
dc/dx is determined as a function of x, it is convenient to use equation (20) 
in the modified form: 


n 



( 22 ) 


The determination of D from experimental curves of c vs. X is straight¬ 
forward inasmuch as the slope dc/dX can be computed at any value of c 
and the area, f 0 c X dc, under the curve is obtainable by graphic or numeri¬ 
cal integration. A similar procedure is followed for the application of 
equations (20) to (22). An illustration of the shape of a typical curve of c 
vs. X is given in figure 2 for the system nitrobenzene-methyl alcohol ac- 

" L. Boltzmann, Ann, Physik, 53, 959 (1894). 
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cording to Gerlach 12 and Munter. 13 It was pointed out by these authors 
that the total area, &•> X dc, should equal zero and therefore that thea-reas 
in the two cross-hatched sections in figure 2 should be equal. The values 

of 50.5 and 51.7 found for these 
areas indicate fairly good agree¬ 
ment in this case; better agree¬ 
ment was found in some other 
cases. The validity of the Boltz¬ 
mann assumption has been tested 
in many cases, a good example 
being reported 13 for the system 
Fig . 2.—Typical curve of e <x. X.» nitrobenzene - methyl alcohol. 

The excellent linear plots of x vs. 
VI which are shown in figure 3, apply to a system in which D varies 
markedly with concentration, as shown in figure 4. It is advisable that the 
Boltzmann relation be tested in all cases involving free diffusion, if possible, 
before the computation of D is undertaken. 

222 

7.95 
11.07 

37.26 

90.7 
106.9 
114.6 

119.1 

Fig. 3.—Curves illustrating the validity of 
the Boltzmann relation. 1 * 

If the Boltzmann assumption does not hold, in which case c * f(x, t), the problem 
is more difficult because D cannot be completely established as a function of c only. 
It has been pointed out 14 - “ that D may be a function of both concentration and 
concentration gradient. This situation may arise in systems containing highly 

** B. Gcrlach, Ann. Physik, 10, 437 (1931). 

•* E. M (Inter, Ann. Phynk, 11, 558 (1931). 

14 E. UUmann, Z. Physik, 41, 301 (1927). 

u E. Calvct, J. chim. phys., 43, 84 (1946). 
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asymmetrical particles or concentrated solutions. or otheT p'loceTs 

sumption may also be indicative of some disturbance in the system 0 \ ^ = 

..rronmanying that of diffusion, such as association, dissociation, etc. 
flc dc/dx) it may be computed by means of equation (17) 

0 and i/i at known values of c. The steady-state method of Clack- proven 
Excellent example of a method suitable for this type of system because both 
dc/dx can be determined at any level in 
the column and Q can be measured analyt¬ 
ically. Ullmann 14 used a different method 
of approach to the problem by utilizing 
data obtained from a free diffusion proc¬ 
ess for the evaluation of Q and dc/dx. 

Experimental curves of c vs. x, c vs. t, and 
(dc/df) vs. x were obtained and Q was 
then determined by graphic methods from 
equation (2) in the modified form: 


C 4 H s N0j‘*"*'CHj0H 

♦ MUNTER 
o GERLACH 



Q - - f* (dc/dt)dx (23) 


Fig. 4.— Variation of diffusivity with 
concentration for system following the 
Boltzmann relation. 1 * 


III. EXPERIMENTAL METHODS 

1. Classification 

Experimental methods of investigation differ mainly according to bound¬ 
ary conditions selected and analytical procedures used. The measurement 
of concentration or of concentration gradient in the system as a function 
of distance or time is usually required. This is accomplished by chemical, 
densimetric, electrical, or optical methods of analysis. 

The interpretation of results is simplified if boundary conditions are 
so arranged that a suitable solution of the Fick differential equation is pos¬ 
sible. The various processes used in practice may be classified as free, re¬ 
stricted, and steady-state diffusion depending upon the boundary condi¬ 
tions employed. In practice, free diffusion usually takes place from an 
interface between two phases in a vertical column and may continue until 
concentration changes begin to occur at the ends of the column. Re¬ 
stricted diffusion results from a continuation of this process wherein con¬ 
centration changes do occur at the ends of the column. In steady-state 
diffusion the concentration is maintained constant at the two ends of the 
column and, after sufficient time, a steady state of flux and of concentration 
distribution is established. 

The methods to be described here will be limited to those which serve for 
the determination of the coefficient, D. They all permit the direct evalua¬ 
tion of D, with the exception of the porous diaphragm method in which D 
is determined relative to that of a material of known diffusivity which is 
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chosen for calibration of the apparatus. If the determination of the rela¬ 
tive diffusivity of a substance is sufficient without an actual calculation of 
D, the problem is simplified. An example of measurements of this type can 
be cited in the study of diffusion through membranes by observation of the 
time of first appearance of the diffusate on the opposite side. It is not 
feasible to select any one experimental method as being the best under all 
circumstances; the proper choice will depend upon the kind of system 
under investigation, the time factor, the accuracy required, etc. The 
relative merits of the various methods will be pointed out in the following 
discussion. 


2. Diffusion in Liquids 


A. FREE DIFFUSION CELLS 

The formation of a sharp interface bet ween adjacent phases in the system 
is of primary importance. Various techniques have been devised to achieve 



Fig. 5.—Fiirth diffusion cell. 17 


this purpose. In most of the earlier work, which involved free or restricted 
diffusion, boundary formation was accomplished by carefully flowing in 
the heavier solution under the lighter one by means of a pipette or small 
connecting tube. However, in following this procedure, the avoidance of 
boundary disturbances presents a difficulty. Experimental arrangements 
in which the phases are separated by a porous diaphragm have the advan¬ 
tage that boundary disturbances are eliminated. Various diffusion cells 
have been devised for particular application to the popular optical meth¬ 
ods used in the study of free diffusion. A description of these may be help¬ 
ful in the selection of suitable cells for particular situations. 

Fiirth Cell.—The cell shown in figure 5 was developed by Fiirth and 
collaborators 16,17 for use in the microcolorimetric method. It is suitable 
for aqueous systems but difficulties due to leakage are encountered if or- 

>• It. FOrtli, Physik. 26, 719 (1925). 

17 It. FOrth, J . Sci. Instruments, 22, 61 (1945) 
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canic liquids arc used. The spacer, A, of glass, metal, or plastic is ce- 
mented between a microscope slide, B, and a cover glass. 1 he 
tion C, separates the cell into two compartments, D and E. Chamber 
required for a comparison solution of known concentration. The dittusio 
chamber, E, is rectangular in shape, 15 mm. wide, and 1 mm. deep. ® 
thin draw slide, F t fits snugly in an accurately ground slot in spacer A, ana 
serves to separate the two phases in the diffusion chamber. 

At the beginning of an experiment the draw slide is carefully withdrawn 
until the end is flush with the wall of the cell. This is accomplished y 
means of an electromagnet, G, which has a close-fitting iron core attache 
to slide, F, or by a rack-and-pinion device. A layer of grease in the slot is 
necessary to prevent leakage and reduce friction between the sliding sur¬ 
faces. This type of cell can be used for other methods such as the micro 
method of Zuber. 18 In this case, however, the comparison chamber and 
partition are not required but the cell construction is similar in other re- 

1 Lamm Cell.—Modifications in the draw-slide type of cell have been 
devised by Lamm' 9 * 20 in the course of his refractometric investigations. 
A sketch of the Lamm cell in three positions, shown in figure 6, illustrates 
the mechanical details of construction. The spacer, C, of glass, metal, or 
plastic, of the desired thickness, which is placed between two circular, 
optical-glass windows, is shaped to form a cell 6 cm. high and 4 mm. wide. 
The thickness used by Lamm was 1 cm. The windows are held tightly in 
position against the cell blocks by means of a threaded brass ring and 
clamp, B. The glass is cushioned against the clamp with rubber gaskets. 
All surfaces where leakage might occur are covered with Vaseline or suitable 
cement. A small inlet tube, T, is constructed to reach above the water 
level in the thermostat. The cover construction, where this tube joins 
the cell, is made with a tight-fitting flange, F, to prevent the liquid from 
creeping. The draw slide, S, of metal or plastic, is made to fit snugly into 
the horizontal slot, //. To prevent leakage and to aid in lubricating the 
slide, a recess, R t is made which can be filled with heavy oil or mercury 
through tube t. To further insure against leakage, chamber A is enclosed 
in metal walls and filled with Vaseline. Slow and uniform movement of the 
slide is accomplished by the reducing gear mechanism, M. 

The procedure for filling the cell is a straightforward one. The solution, 
or liquid, is poured in through a funnel to a level above the draw slide, 
which is then closed. The upper compartment is then flushed out with 
the other liquid (usually the solvent) and filled to a point on tube T. After 

« H. Zu»x.*r, Physik. Z., 30, 882 (1929). 

19 O. Lamm, Nova Aria Regiac Soc. Sci. Up*alien$is, 10, No. 0, 20 (1937). 

20 O. Lamm, Arkiv Kemi Mineral. Geol., B17, No. 13 (1943). 
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thermal equilibrium is established, the tap, which is under the surface of 
the bath, is closed. With this type of cell it is difficult to prevent a transfer 
of grease from the draw slide to the glass windows, at the level of the bound¬ 
ary. This is particularly troublesome if refractometric methods are used, 
since measurements near the initial boundary are of greatest importance. 
Also, it is difficult to'prevent leakage of organic liquids. 



Fig. 6.—Lamm draw-slide diffusion cell. 50 


Neurath Cell.—An improved cell which utilizes the shearing mechanism 
of Schuhmeister 21 was devised by Neurath”- 28 and is obtainable from D. B. 
Green, Ithaca, New York. The operation is based on the sliding principle 
of the Tiselius 24 electrophoresis cell or the sliding cell of Loughborough and 
Stamm. 26 A sketch is shown in figure 7. The cell chamber as used by 

*« J. Schuhmeister, Sitzber. Akad. Wiss. Wein, 79, 603 (1879). 

55 H. Neurath, Science, 93, 431 (1941). 

» H. Neurath, Chem. lievs., 30, 367 (1942). 

54 A. Tiselius, Trans. Faraday Soc., 33, 524 (1937). 

36 D. L. Loughlx>rough and A. J. Stamm, J. Phys. Chen., 40, 1113 (1936). 
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Neurath has the following dimensions: height, 5 cm.; width, 0.5 cm., 
and thickness in the direction of the optic axis, 1.7 cm. The two parts o 
the cell proper, A and A lf can be constructed from glass, metal, or plastic. 
Two optically flat glass plates, B and Bi, form the front and back °f 1 
cells. The interfaces between the cells and between the glass plates and 
the cells are highly polished to prevent leakage and to reduce friction. The 



0 1 2 3 4 5 

INCHES 

Fig. 7.—Neurath diffusion cell. 5 * 


upper block, A, is fixed firmly to clamp E. The two blocks arc pressed to¬ 
gether at the sliding surfaces by a spring and screw at L. U-shaped clamp 
H (which in a later design 23 is attached to rod F) carries screw K , which can 
be tightened to exert pressure on the windows. The windows are held in 
place against cell A\ by means of clamp C. The upper part of the appara¬ 
tus, together with clamp E, acts as an independent unit which can be 
moved laterally by screw G. The cells are filled through tubes I and //, 
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which connect to small holes drilled through the block, A. In operation, 
block A is slid to the right until the lower cell is in line with tube I . The 
lower cell is then filled with solution and the upper with solvent. When 
temperature equilibrium is established, the boundary is formed by sliding 
the upper block slowly to the left until the two cells are in alignment. The 
sliding surfaces, except over the area forming the windows, are lubricated 
with a thin layer of grease. Here again it is difficult to prevent a smear of 
grease from forming on the windows, at the level of the boundary, as the 
upper cell is slid into position. 

Claesson Cell.—A new cell of the Neurath type, which is claimed to 
overcome the difficulties due to grease contamination and leakage, is de¬ 
scribed by Claesson,* 6 and illustrated in figure 8. It is suitable for both 



organic liquids and aqueous solutions. The spacer, C (10 mm. in thickness), 
which contains the lower half of the diffusion chamber, G, is pressed or 
sealed firmly between two glass plates of equal size. The spacer, A, of the 
same thickness as C, contains the upper half of the diffusion chamber, F, 
and can be moved laterally by means of the eccentric device, B. The 
sliding surfaces are pressed together by the spring, S. In use, the chamber, 
G is filled with liquid through holes, D and E , and the piece, A , then slid 
to the right until G is closed. Excess liquid is then rinsed out, the cell filled 
to the level, AT, with the upper liquid, and the hole, E , closed. Diffusion 

*• S. Claesson, Nature, 158, 824 (1946). # 
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is started by moving A to the left until the chambers, F and G, are in align¬ 
ment. Since chambers F and H contain the same liquid at the same P re *' 
sure, no leakage can occur; the use of grease on the sliding surface of 
is therefore not necessary. Claesson has pointed out that this type of cell 
may be constructed so as to contain more than one diffusion column. In 
this case the compartments should be as close together as possible to allow 
for a fixed camera position if refractometric measurements are to be made. 

Cylindrical Cells.—In some experimental arrangements cylindrical 
rather than plane-parallel cells have been employed. Their chief merits 
lie in the ease of construction and in the avoidance of 
leakage troubles. The common practice is to form the 
boundary in a constriction at the bottom of the column and 
then displace it upward to the desired level by flowing in the 
heavier solution through a connecting tube. A cell of this 
type was first used by Svedberg. 27 Later it was modified 
by the use of a small capillary tube at the bottom to regu¬ 
late the flow of liquid. 28 Bourdillon 2 * used a mechanically 
driven syringe to obtain an even rate of flow of liquid up 
the column. One of the best designs in cylindrical cells is 
reported by Lamm 30 (see Fig. 9). An important feature 
in the design is the use of a fritted glass disk at the bottom 
of the diffusion chamber, B, for leveling the liquid. 

In practice, cell B is about half-filled with the lighter 
liquid, or the solvent, and the stopcock closed. The heavier 
liquid, or solution, is placed in A and is separated from con¬ 
tact with the liquid in B by an air lock under the glass disk. 

After thermal equilibrium is established, the stopcock in 
tube C is opened for sufficient time to allow the air under the 
disk to escape. Leveling then begins, and a slight uniform 
pressure of air is applied to A until the boundary reaches the desired 
height in tube B. The interface formed in this manner cannot be expected 
to be as sharp as that obtainable with the sliding cells, since considerable 
disturbance may arise from the displacement and leveling of the liquids. 

The curved surface of the cylindrical cell presents a source of error if opti¬ 
cal methods of analysis are used. A good discussion of the errors inherent 
in the use of cylindrical cells for obtaining refractometric measurements is 
given by Lamm. 31 In general, low apertures and narrow, vertical-slit 



Fig. 9.— 
Lamm cylin¬ 
drical diffusion 
cell. 30 


" T. Svedberg, Koltoid-Z., 36, 53 (1925). 

28 0. Lamm and A. Poison, Biochem. J., 30, 528 (1936). 

” J. Bourdillon, J. Gen. Physiol., 24, 460 (1940). 

30 O. Lamm, Kolloid-Z., 98, 45 (1942). 

31 O. Lamm, Arkiv Kemi Mineral. Gtol., B16, No. 17 (1943). 
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diaphragms near the column should be used. In some instances, depend¬ 
ing upon the refractive indices of the liquids inside and outside of the 
column, advantage is gained by having the outer walls ground flat in the 
plane normal to the light beam. A cell of the Lamm type, having a rec¬ 
tangular cross section, is reported by Stem el al.* 19 

Boundary Sharpening.—A technique which provides considerable im¬ 
provement in boundary sharpness has recently been reported by Kahn 
and Poison. 32 This procedure was applied in particular to the Svedberg 



Fig. 10.—Apparatus for 
boundary sharpening” 



Fig. II — Diffusion cell with pro¬ 
vision for InHimlary sharpening.” 


type of diffusion ceU. The apparatus is shown in figure 10. The solvent 
is placed in tube A and the solution in tube B, after which the boundary is 
formed in A in the usual manner. A fine pipette, with the end bent at 
right angles, is lowered by means of a rack and pinion until the orifice is 
just below the level of the boundary. Solution is then drawn into the 
pipette until the diffuse region is removed and a sharp boundary is formed. 
The pipette is then slowly withdrawn from the column. 


»«• K. G. Stern, S. Singer, and S. Davis, J. Biol. Chem., 167 * 3 ^!^ 47) * 

” I). S. Kahn and A. Poison, J. Phyt. A Colloid Chem., 51, 816 (1947). , 

» C. A. C’oulson, J. T. Cox. A. G. Ogston, and J. St. L. Plulpot, / roc. Roy. Soc. 

London, A192, 382 (1948). 
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This technique has been found to be very effective and is the line of attack 
now being taken by other workers. The cell described by Cox and gs- 
ton 33 (see Fig. 11) is rectangular in shape and the liquid is withdrawn at 
the level of the boundary through a narrow horizontal slit running the 
width of one side of the cell. The two liquids enter through tubes A and \B 
and are removed at equal rates through C. Tube D is an air vent. e 
flow of liquid is stopped simultaneously in all three tubes by sliding p ate 
E. Cox and Ogston 33 also describe a similar cell designed to use a smal 
volume of solution and to allow for temperature control by means of a 
water jacket. 

B. FREE DIFFUSION METHODS 

To quote Harned: “There are few domains of physical science in which 
so much experimental effort over nearly a century has yielded so little 
accurate data as the field of diffusion in liquid systems." Quantitative 
measurements were reported by Graham 34 as early as 1850 but it is only 
recently that sufficient accuracy of measurement has been achieved to per¬ 
mit the testing of current electrolytic solution theories. 3 ^ 37 The diffusion 
process is slow and may be easily masked by disturbances in the medium. 
Reliable measurements are therefore not to be expected unless sufficient 
precautions are taken to eliminate convection currents or mass movement 
of the medium due to vibrations, temperature fluctuations, or boundary 
formation. 

Conventional methods arc available by means of which disturbances due 
to vibrations can be minimized. Methods of temperature control are dis¬ 
cussed in Chapter II of this volume. 38 Disturbances arising from bound¬ 
ary formation have the effect of changing the effective initial time of the 
process to a time earlier than that at which the boundary is actually formed. 
A purely two-dimensional boundary can not be realized in practice. Cor¬ 
rections for initial deviation from boundary sharpness are discussed by 
Guggenheim 39 and others. 32 * 40 The Boltzmann relation (linearity of x vs. 
y/t at a given concentration) serves as a means of correcting for the effective 
initial time in free diffusion. The correction can be made graphically by 
determining the points of intersection of the x vs. y/i curves on the time 
axis. It can also be made by the following analytical method, 32 which 
avoids the difficulties of the graphical method. If x x and x 2 are the dis- 

3* T. Graham, Phil. Trans., 140, 1, 805 (1850). 

34 W. Nernst, Z. physik. Chem., 2, 613 (1888). 

M L. Onsager and It. M. Fuoss, J. Phys. Chem., 36, 2689 (1932). 

37 H. S. Harned, Chem. Revs., 40, 461 (1947). 

38 J. M. Sturtevant, this volume. Chapter II. 

35 E. A. Guggenheim, J. Am. Chem. Soc., 52, 1315 (1930). 

«* L. G. Longsworth, J. Am. Chem. Soc., 69, 2510 (1947). 
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tances of a level of given concentration from the initial boundary at times 
t x and ti, respectively, it follows that: 

x\ = K(l x + AO (24) 

and: 

x\ = K(l t + AO (25) 

in which K is a constant and the increment A/ is the zero time correction. 
Solving equations (24) and (25) for At, it follows that: 

At = (26) 

Xt — X\ 

Equation (26) is valid only if a constant value of At is obtained for different 
time pairs. 

The correction can also be accomplished by the method recently used 
by Longsworth. 40 A relation between the measured coefficient, D', and 
the corrected coefficient, D, is given by the equation: 



A plot of D' vs. 1 /t should give a straight line of which the intercept is D 
and the slope DAt. This is equivalent to obtaining a constant value of 
At in equation (26). Actually these conditions are realized only if the 
initial mixing follows a Gaussian distribution. Although this may seldom 
be the case, the corrections still serve as a first-order approximation. 

Method of Layer Analysis (Bourdillon).—The greater part of the early 
work on diffusion involved separation and analysis of layers of solution 
in the diffusion column. Although usually applied to the study of re¬ 
stricted diffusion the method is also applicable to free diffusion processes. 
The sampling of liquids in even layers presents a difficulty inherent in this 
method. Analytical difficulties may arise if the samples taken are very 
small. On the other hand, if thick layers are removed, difficulties are 
encountered in the determination of the distance from the boundary to a 
plane corresponding to the mean concentration of the sample. Owing to 
the nonlinearity of concentration gradient, this distance will deviate from 
that to a plane in the center of the sample. However, corrections for this 
effect may be made, and errors from this source will decrease as the dis¬ 
tance from the boundary increases. These difficulties can be largely cir¬ 
cumvented in cases in which D is constant, by determining D from the total 
amount of diffusate crossing the initial boundary level in a given time. 41 


41 A. Poison, Nature, 154, 823 (l'.M 1). 
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A similar method has been used by Wall and Kidder*’ for the study of dif- 
fusion in gases. 

Although the layer analysis method is not suitable for precision measuie- 
ments, it can be used for the study of mixtures and it has advantages m the 
study of dilute solutions of biologically active materials. Relative values 
of concentration obtained from the activity of the solutions are sufficient 
for the computation of D. 



Fig. 12.—Layer analysis diffusion apparatus 

(Bourdillon). 0 


The apparatus of Bourdillon, 43 shown in figure 12, is one of the best ar¬ 
rangements of its kind. The diffusion tube, B , has a cylindrical length of 
3 cm., a diameter of 1.1 cm., and a capacity of 5 cc. The capillary at the 
upper end is 1 mm. in diameter and 1 cm. in length. Tube A and cup C 
each have a capacity of about 6 cc. Tube A is connected through a short 
section of rubber tubing to a 10-cc. calibrated glass syringe which is oper¬ 
ated by a synchronous motor and a rack-and-pinion device. In Bour- 
d ill on’s apparatus the mechanism is so adjusted that the displacement of 
liquid is 0.039 cc. per minute. Klenow and Brodersen 44 - 45 employed a 

« F. T. Wall and G. A. Kidder, J. Phys. Chan., 50, 235 (1946). 

43 J. Bourdillon, J. Gen. Physiol., 24, 459 (1940). 

** R. Brodersen and H. Klenow, Kyi. Danske Vitlenskub. Skelskah. Biol. Metld., 20, 
7 (1947). 

45 H. Klenow, Ada Chem. Scand., 1, 328 (1946). 
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similar device in which the displacement of liquid is brought, about by a 
flow of mercury. 

At the beginning of an experiment, tube B is filled with solvent and tube 
A with solution which is drawn in from cup C. The motor is then oper¬ 
ated to displace a known amount of solution from A into B until the bound¬ 
ary is approximately at the center of the tube. The stopcock is then closed. 
After the necessary time has elapsed, cup E is emptied and, by means of the 
motor and syringe, samples of known volume are displaced into E for 
analysis. Knowing the dimensions of the cell and the rate of displacement 
of the liquid, the distance of the samples from the initial boundary can 
be readily calculated. The volume of the samples should be kept to the 
minimum commensurate with accurate analysis. 

This method permits the determination of the relation, c vs. x , at constant 
t. The error introduced on the assumption that t is constant is small, 
since the time required for filling the cell and for sampling is ordinarily 
small compared with the total diffusion time. The calculation of D from 
the experimental data is discussed in Section II. 

Float Method (Gerlach).—The determination of density affords another 
means of following concentration changes during the process of diffusion 
in liquids. Gerlach** used a modification of Wilke and Strathmeyer’s 47 
float method to study several organic liquid systems and his results are in 
good agreement with those of Miinter 48 obtained by the refractometric 
scale method. The density measurements are made by means of small 
calibrated glass floats which, when placed in the liquid system, follow levels 
of constant density. The apparatus is not very well adapted for meas¬ 
urements of high precision since the cross section of the column is relatively 
large and the floats partially obstruct the path of the diffusing material. 
An advantage of the method is that readings may be taken without inter¬ 
ruption of the process. 

The diffusion column, as used by Gerlach, is 6 cm. in diameter and 70 
cm. high. The interface is formed near the center of the tube by first 
placing a thin sheet of cork on the surface of the lower liquid and then slowly 
pouring the upper liquid over the cork with a pipette. 1 he floats are made 
from sections of capillary tubing about 2 cm. long and 1 mm. in diameter. 
The ends are sealed and turned at right angles to assure leveling in the 
liquid. Thirteen floats were used by Gerlach, varying in density over the 
desired range. The densities were so adjusted that seven floats ascended 
the column and six descended during the course of the experiment. The 
heavier floats are introduced before the formation of the boundary the 

•« B. ficrlach, Ann. Physik, 10, 437 (1931). 

17 10. Wilke and W. Strathmcycr, Physik, 40, 309 (1920). 

K. M(inter, Ann. Physik, 11, 558 (1931). 
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lighter ones afterward. The density of the floats must be carefully cali¬ 
brated. Their position in the column is measured with a cathetometer, or 
with a scale and mirror. Concentrations are determined from the density 
measurements by reference to the density curves of the solutions. 

The duration of an experiment of this kind is usually about fourteen 
days. A water bath may be used for temperature control. By this 
method the relation of x vs. I is obtained at given values of c corresponding 
to each float. It is therefore well suited for the testing of the Boltzmann 
relation. The calculation of diffusion coefficients from the data is discussed 

in Section II. , . , 

Electrical Conductance Method (Haskell).—Electrical methods which 

involve electromotive force, 49 impedance/ 0 conductance/ 1 or capacitance 1 ' 2 
measurements have been devised by various workers. The conductance 
methods are most satisfactory having been recently applied with particular 
success by Ilarned 53 to the study of restricted diffusion. These methods 
are limited, of course, to the study of electrolytes but they have the ad¬ 
vantage that measurements can be made without interrupting the diffusion 
process. In Haskell’s work an accuracy of only 2% was claimed but tech¬ 
nical developments in related problems made since then indicate that this 
might be improved upon. 

In Haskell’s 51 method the concentration of electrolyte is maintained con¬ 
stant at a level near the lower end of the column and changes in concen¬ 
tration along the column are measured by means of pairs of electrodes 
spaced at various distances. A diagram of the apparatus is shown in figure 
13. A is a cylindrical diffusion column about 5 cm. in diameter and 50 cm. 
in height. The inner tube, B, through which the electrode wires are sealed, 
has a diameter of 1.5 cm. The electrodes consist of pairs of platinized 
platinum wires, 1 mm. in diameter and 1 cm. in length, which are mounted 
in a plane normal to the direction of diffusion. Haskell used eight pairs of 
electrodes placed at distances, 2, 10, 13, 16, 19, 22, 25, and 32 cm. from the 
bottom of the tube. The lead wires from the electrodes terminate in mer¬ 
cury cups, M, in the commutator, C. The outer jacket, D , contains the 
concentrated salt solution, F. Four holes, //, of 1-cm. diameter, are cut 
in tube A near the bottom to allow access of the salt solution to the dif¬ 
fusion column. 

At the beginning of an experiment, tube .4 is stoppered at the top and 
bottom (V and V x ) and the jacket, D, is set in place. Salt is placed in A 

49 W. A. Patterson and J. T. Burt-lierans, Canadian J. Research, B22, 5 (1944). 

40 G. G. Blake, J. Sci. Instruments, 24, 77 (1947). 

41 R. Haskell, Phys. Rev., 27, 145 (1908). 

52 P. Tuomikoski, Suomen Kemistilehli, B16, 21 (1943). 

53 H. S. Harned, Chem. Revs., 40, 461 (1947). 
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up to the level, //, and also in D, after which I) is closed at the top, except 
for the outlet tube, T. The column, A, is carefully filled with conductivity 
water through hole, .S. Water is then added slowly through S, and solution 
drained off through T, until the conductivity at the level at the top of holes 
// is very low. Zero time for the experiment is recorded when T and S 
are closed. A fairly rapid leveling of the concentrated solution, at the 
upper level of holes H , is brought about by gravitational flow. The ap¬ 
paratus can be set up in a regulated water bath for temperature control. 


=o 



It is important that the lead wires and commutator be kept at the same 
temperature as the rest of the apparatus to eliminate heat conduction 
through the leads. Transfer of heat in this manner gives rise to convection 
currents in the liquid. 

Measurements of the conductance across each of the various fixed pairs 
of electrodes are obtained as a function of time. The measured conduct¬ 
ance is assumed to correspond to that of a uniform solution of the same con¬ 
centration as that at the level of the electrodes. Since a concentration 
gradient across the electrodes exists, this is not strictly true but the inherent 
error is minimized by placing the electrodes close together. Haskell used 
electrodes having a spacing of about 3 mm. The distance of the electrodes 
from the boundary may be measured with a cathetometer or scale. 

The apparatus is calibrated with known solutions so that the conduct- 
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lince measurements can be interpreter! in terms of concentrations. There¬ 
fore, by this method, concentrations can be determined at. fixed is a 
along the column as a function of time. The evaluation of D from d 
this kind is discussed in Section II. f . _ . . „ 

Light-Absorption Method (Svedberg).—Optical methods for deter¬ 
mining diffusivity involve the physical properties of absorption, trac¬ 
tion or interference. The optical methods have, in common with the 
electrical methods, the advantage that measurements can be made without 
inter rrupting the diffusion process. The absorption method is simple m 
principle but somewhat difficult in practice. The method is applicable to 
any material exhibiting suitable absorption and it may be used for the 
study of mixtures if the components have characteristic bands at different 
regions of the spectrum. An advantage over refractometric methods is 
that concentrations, rather than concentration gradients, are determined 



Fig. 14.—Light-absorption diffusion on apparatus (Linhart). 17 


directly as a function of distance along the column. Also, the method lends 
itself to the detection of light-absorbing impurities in the system. The ac¬ 
curacy of measurement is not usually as great as that obtainable by the 
refractometric methods. See Chapter XXVI. 

The light-absorption method was developed originally for the investiga¬ 
tion of sedimentation phenomena in the ultracentrifuge 54 * 65 and adapted 
later to the study of diffusion. 5 ® -58 In this method the diffusion column is 
photographed with light which is absorbed by the diffusing material but 
not by the solvent. Concentrations along the column are related to plate 
density, this being measured by means of a microphotometer. A sketch 
of the apparatus used by Linhart and Sitte is shown in figure 14. 

The diffusion cell, C, is situated between the camera and light source S, 
as shown in figure 14. A suitable cell may be chosen from among those de¬ 
scribed in Section III-2-A. An essentially parallel and uniform light beam 

14 T. Svedberg, Kolloid-Z., 36, 53 (1925). 

« T. Svedberg and K. O. Pedersen, The UUracentrifuge. Oxford Univ. Press, Lon¬ 
don, 1940. 

M A. Tiselius and D. Gross, Kolloid-Z., 66,11 (1934). 

» T. Linhart, Z. Physik , 105, 45 (1937). 

» K. Sitte, Z. Physik, 91, 642 (1934). 
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is obtained by means of the achromatic lenses, />, and L 2 , and the dia¬ 
phragm, D. Sittc used a small tungsten lamp as a point source of light, 
whereas Tiselius used a mercury arc lamp placed at sufficient distance from 
the cell that the condenser system could be eliminated. The camera 
consists of the objective lens, L 3 , the bellows, B, and a movable plateholder, 
P, which enables several exposures to be taken on the same plate. The dif¬ 
fusion cell is mounted in a water bath between optically flat glass windows 
which permit passage of the uniform beam without distortion. 

In practice, the light beam is made essentially monochromatic at the 
desired wave length by proper selection of the light source and filters, F. 
The camera is focused on the cell and a series of exposures arc taken at 
known time intervals from the beginning of the process. Similar exposures 
are then taken of the cell filled with known uniform solut ions to establish a 
“concentration reference scale.” Concentrations at measured positions 
along the column are computed from the degree of blackening of the photo¬ 
graphic plate. The distribution of optical density along the plate is re¬ 
corded with a microphotometer. 

A number of sources of error are inherent in the procedure just described. 
If reliable results are to be obtained these must be recognized and conditions 
carefully controlled, namely: (i) The light source should be uniform 
with respect to both time and space over the region of the diffusion column. 
(2) Exposure times should be identical throughout the experiment. ( 3) 
The photographic plate should be of uniform sensitivity and the develop¬ 
ment procedure and exposure standardized so that the linear portion of the 
characteristic curve si used. (4) Development of the plate should be car¬ 
ried out as soon as possible after exposures are made. Errors due to growth 
of the latent image are thereby minimized. For this reason it may be in¬ 
advisable to delay development in order to obtain exposures at different 
time intervals on the same plate. It is advantageous, however, to have 
the concentration scale on the same plate. (5) Photometric recording of 
the plate density should be reproducible. 

By this method the concentration distribution along the column is ob¬ 
tained at different constant values of time. Diffusion coefficients may be 
calculated from the data in the manner discussed in Section II. 

Photometric Method (Eversole).—Another absorption method, em¬ 
ploying a different experimental principle from that just described, has 
been developed. 59-61 This method, like the previous one, is suitable for 
the study of any material or mixture of materials having suitable absorp- 

69 W. G. Eversole and E. W. Doughty, J. Phys. Chem., 41, 663 (1937). 

60 VV. G. Eversole, II. M. Kindsvater, and J. D. Peterson, J. Phys. Chem., 46, 370 
(1942). 

el W. Ramsay and R. W. B. Stephens, Am. Phys. Teacher, 6, 329 (1938). 
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tion bands in regions of the spectrum in which absorption by the solvent is 
low. The method was developed originally for the investigation of diffusion 
in gels but was subsequently adapted to the study of liquid systems. Con¬ 
centrations are determined from photometric measurements of the trans¬ 
mission of a thin beam of light through the medium at measured positions 





Fig. 15.—Photometric diffusion apparatus (Evereole).” 


along the column. A schematic diagram of the apparatus 62 is shown in 
figure 15. 

The water-cooled light source, condenser, and parallel-plate slit are so 
arranged that a ribbon-shaped beam of light about 0.1 mm. in thickness 
passes horizontally through the cell and falls on the photosensitive element. 

83 H. M. Kindsvater, Thesis, “The Diffusion of Cupric Sulphate in Aqueous Solution 
at 25° C.” State University of Iowa, 1938. 
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Provision is made to insure that the light source is maintained at constant 
intensity. Suitable filters may be placed in the beam to limit the wave¬ 
length region used and thereby enhance the change in transmission with 
change in concentration. 

A novel method of boundary formation has been devised by Eversole 
and coworkers.* 0 The cell is fabricated from two optical-glass plates hav¬ 
ing spacers on three sides and the other side ground flat to accommodate a 
cover glass. The unit is mounted so that the lower end extends into a 
glass trough. When the cell is filled with liquid and then inverted, the 
cover glass is held in place by surface tension. The solution is then poured 
slowly into the trough and, when the level of the bottom of the cell is 
reached, the cover glass falls and the boundary between the two phases is 
formed. The concentration at the lower end of the column is maintained 
constant by a slow flow of the solution. The cell is mounted in a holder 
which provides for vertical movement by means of a thumbscrew adjust¬ 
ment. Its position is read with a cathetometer or micrometer scale. 
Other suitable cells may be selected from among those which are described 
in Section III-2-A. 

The output from the photoelectric cell is amplified by means of an elec¬ 
tronic tube d.-c. amplifier. Information on this type of amplification is 
readily available. 63 The amplifier should be as stable and free from drift 
as possible and the photosensitive element properly shielded from extrane¬ 
ous light and electrical disturbances. A type of photoelectric cell is re¬ 
quired which has its characteristic response in the region in which the ab¬ 
sorption bands occur. A small, constant-intensity lamp mounted on the 
housing serves to check the response of the photocell. 

The apparatus is calibrated with known solutions so that scale readings 
on the output meter or potentiometer may be interpreted in terms of con¬ 
centration. Since the ribbon of light is very thin, the position along the 
column corresponding to a particular photometric reading can be deter¬ 
mined with very little error. The method is versatile in the respect that 
readings can be so arranged that either the concentration, c, the distance, 
x, or the time, t, is constant. The error in assuming t constant, over the 
period of a series of measurements, becomes smaller as diffusion proceeds. 
The calculation of the diffusion coefficient, D, is carried out in the usual 
. manner (see Section II). 

“ F P. Zschcile, J. Phys. d: Colloid Chem., 51, 903 (1917). 

®* B. Chance, Rev. Sci. Instruments, 18, 601 (1947). 

“ B. Chance, J. N. Thurston, and P. L. Richman, Rev. Sci. Instruments, 18, 610 
(1947). 

M C. E. Nielson, Rev. Sci. Instruments, 18, 18 (1947). 

87 S. Roberta, Rev. Sci. Instruments, 10, 181 (1939). 

w If. II. Cary and A. 0. Beckman, J. Optical Soc. Am., 31, 682 (1941). 
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Refractometric Scale Method (Lamm).—The use of the property of 
refraction in the study of diffusion was suggested by Gouy. 69 It is 
mnloyed in the scale,™- 71 the Schlicren’* and the cylindrical lens 7 * 
G thods and in combinations or modifications of these experimental ar- 
mG ements. 76,76 Despite the more costly equipment required, these 
Methods have become more popular than the absorption methods because 
"f their greater accuracy and flexibility. They have been used extensively 
? the s tudy of proteins and other micromolecules. They are not as suit- 
'ble as some of the other methods for the study of mixtures. 

Refractometric methods are based on the phenomenon of the curvature 
of light in a medium in which concentration gradients exist. Such u 
medium acts as a prism of variable power. It is an almost universal prop¬ 
erty of solutions that changes in concentration are accompanied by changes 



Fig. 16 .—Lamm refractomctric-scale diffusion apparatus. 


in refractive index. This property of light refraction is utilized to measure 
the distribution of refractive-index gradient along the diffusion column. 
The scale method of Lamm represents one of the most accurate experimen¬ 
tal arrangements of this type. Its chief disadvantage is the tedious pro¬ 
cedure involved in the computation of refractive-index gradients from 
scale-line displacements on the photographic plate. See Chapter XXVI. 

A sketch of the type of apparatus used in the refractometric scale 
method by Lamm 70 and Neurath 77 is shown in figure 16 (not drawn to 
scale). The uniform light source, M, such as a mercury arc, is made essen¬ 
tially monochromatic in the desired region, by the use of suitable filters, 
G. The use of a heat-absorbing filter, F, is desirable. The uniform trans¬ 
parent scale, S, ruled on glass, is mounted on an optical bench for ease in 

M G. L. Gouy, Compt. rend., 90, 307 (1880). 

O. Lamm, Nova Acta Regiae Soc. Sci. Upsaliensis, , 10, No. 6 (1937). 

71 T. H. Littlcwood, Proc. Pays. Stc. Lon'io i, 34, 71 (1922). 

7a A. Tiselius, K. O. Pederson, and I. B. Kriksson-Qjeittel, Nature, 139, 54 ) (193/). 

71 L. G. Longsworth, Ind. Eng. Chem., Anal. Ed., 18, 219 (1946). 

74 J. Thovert, Ann. phys., 2, 369 (1914). 

7fc H. Svensson, Kolloid-Z., 90, 141 (1940). 

7 « J. St. L. Philpot, Nature, 141, 283 (1938). 

77 H. Neurath, Chem. Revs., 30, 357 (1942). 
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the adjustment of its position. Suitable* scales. 5 cm. in length and gradu¬ 
ated in divisions of 0.02 cm., may bo obtained from (inert nr r Scientific 
Corporation. 

The diffusion cell, C (previously described), is supported in the thermo¬ 
stat with rods of low thermal conductance. To aid in manipulation, the 
cell should be mounted on a vertical sliding device which extends above the 
level of the water bath. A crosspiece with scale and movable rider is also 
desirable for adjustment of the ratio of distances to the scale and the camera 
lens. 

The camera, D, equipped with slit, and slide holder, P, allows for eight 
or ten exposures on one plate. The plates should be of optical glass and of 
high speed and contrast, such as Eastman spectroscopic GV. The shutter 
and diaphragm, //, allows for apertures from f :50 to f: 100. With very low 
apertures diffraction effects interfere, while with high apertures there is 
insufficient definition or resolving power. The camera lens, L, of about 
100 cm. focal length, is corrected for aberrations. 

The insulated water bath, B, is supported on layers of rubber and Cclo- 
tex as a precaution against vibrat ions. The circular optical glass windows 
are recessed in the walls perpendicular to the optic axis while a third window 
on the side allows for observations of the cell. The stirring motor is 
mounted on a separate support, apart from the thermostat. Turbulence 
is prevented by placing a hollow metal cylinder around the stirrer. Meth¬ 
ods of temperature control are discussed in Chapter II of this volume. 
Lamm 20 has found it more satisfactory to enclose the cell in a metal casing, 
A, to decrease temperature fluctuations than to use a highly sensitive tem¬ 
perature-regulating device. This method introduces difficulties in manipu¬ 
lation, however, if the sliding-type cells are employed. 

In practice, the cell is filled with the liquids, as previously described 
(Section 111-2-A), and then placed in the bath at a level such that the 
interface coincides approximately with the optic axis of the system. After 
thermal equilibrium is established, the boundary is formed, the initial time 
being recorded at the beginning of the formation of the boundary. The 
camera is focused on the scale and exposures are taken from time to time 
throughout the diffusion process. For reference purposes it is recom¬ 
mended that two exposures be taken with the cell filled with solvent, one 
before and one after the experiment. The exposure time should be suf¬ 
ficient (about five seconds) to allow for the equalization of temporary re¬ 
fractive-index gradients in the thermostat liquid. Measurements are dis¬ 
continued when concentration changes begin to occur at the extreme ends 
of the column. Scale-line displacement is observed when the light passes 
through a region of varying refractive index in the cell. The magnitude of 
the scale-line displacement, and the position of the displaced line with refer- 
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cnee to an arbitrarily chosen point, are read on the plate with a microcom- 
parator to about 1 m (micron). 

The theory of the curvature of light in a region of varying refractive 
index was applied by Wiener 78 to the diffusion problem and later reviewed 
and extended to Lamm. 70 The principle of the method is illustrated by 
the course of the light paths in figure 17. If a unifoim medium is con¬ 
tained in the cell, a ray of light from the point, p, is refracted in a linear 
manner and is imaged on the plate at point pi. If a gradient in refractive 



Fig. 17.—Schematic optical system used in the refractometric-scale method. 7 ’ 

index exists, however, the light is curved in the direction of increasing re¬ 
fractive index and is brought to focus at point p 2 . In the development of 
the theory it is assumed that horizontal layers in the cell are maintained at 
constant refractive index by gravitational effects. It follows from the 
theory, to a close approximation, that: 

Pl - pt = Z = Gbb (28) 

or in a more rigorous treatment that: 

Z = Glfa - o>,) (29) 

where Z is the scale-line displacement, G is the magnification factor (equal 
to i/l), b is the optical distance from the scale to the center of the cell, l is 
the optical distance from the scale to the nearest principal plane of the lens, 
5 is the angle of deviation of the curved pencil of light, and o>i and are the 
exit angles of the undeviated and deviated rays. The optical distance is 
defined as the summation of the geometric distances, each being divided by 

» 0. Wiener. Ann. Physik , 49, 105 (1893). 

78 W. 13. Bridgman and J. W. Williams Ann. N. Y. Acad. Sci., 43, 195 (1912). 
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the refractive index of the correspond mg medium traversed by the light. 
From the theory of light curvature, it is shown that 5 is proportional to the 
refractive-index gradient, dn/dx, at the point where the light traverses the 
cell, i. e.: 

5=a dn/dx (30) 

a being the thickness of the cell. Combining equations (28) and (30), it 
follows that: 

(31) 

It can a'so be shown that equation (29) leads to the same solution. A 
mears of calculating dn/dx from experimental values of Z is therefore 
available. 

Approximations and assumptions made in the derivation of equation (31) 
have been discussed by Bridgman and Williams 73 in a review of optical 
methods. In the derivation it is assumed that the arguments of the angles 
of inclination of the deviated light pencils with the optic axis are sufficiently 
small to be substituted for their tangents. Lamm has shown that, for the 
optical system described, with a diffusion column 6 cm. in height, the 
maximum error in the substitution will be 0.03%. The assumption is also 
made that values of n and dn/dx are constant over the portion of the cell 
traversed by the light ray. This condition is more nearly fulfilled the 
smaller the angles involved, the smaller the aperture of the lens, and the 
shorter the distances a and b. The error inherent in the assumption is 
small under suitably arranged experimental conditions, but may be appre¬ 
ciable when very high concentration gradients are involved. Lamm has 
pointed out that clear and sharp definition of the image of the scale lines 
may be used as a convenient criterion for satisfactory experimental condi¬ 
tions and the fulfillment of theoretical requirements. 

In order to determine the distance, x, along the diffusion column, coor¬ 
dinate with the positions of the displaced scale lines, z, the values of z must 
be multiplied by a proportionality factor: 



The experimental results are plotted as z vs. Z or as x vs. dn/dx diagrams, 
which take the form of probability curves. Further, if the concentration, 
c, is a known function of n, curves of x vs. dc/dx may be constructed. For 
many practical calculations the z-Z diagrams are sufficient and are more 
convenient to use. The base line is determined from several points at the 
ends of the curve, where changes in concentration have not occurred. 
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The calculation of the diffusion coefficient, D. is based on Wiener’s- 
solution of Fick’s law: 

dn _ n\ — no l/4 di (33) 

dx 2 y/*Dt 

justifiable in most cases. If the relation 
n vs. c is not linear but is known, the 
concentration or concentration-gra¬ 
dient functions may be used for the 
calculation of D. The concentration 
function can be determined by inte¬ 
gration of the area under the curves of 
dc/dx vs. x. 

Several methods for the calculation 
of/) by means of equation (33) are 
possible. A typical normal distribu¬ 
tion curve illustrating the various 
terms used is given in figure 18. 

(/) Successive analysis method. The distribution curve is divided into 
a series of chords at points x,, x,, etc. with corresponding ordinates H h H 2 , 
etc. The coefficient, D, is then related to two points on the curve according 
to the equation: 

n = ~ *L_ (34) 

The whole curve can be utilized by choosing each pair of successive values 
of x and H. 

(2) Maximum ordinate method. The coefficient D is related to the 
point of inflection of the curve by the equation: 

D = x?/2* (35) 

The point of inflection is located from the maximum ordinate by the rela¬ 
tion: H { = Hm/x^e. 

( 3 ) Maximum ordinate-area method. If x is taken as zero, it follows 
that: 

D = (36) 

The area, ni — n 0} under the curve is determined by integration. 


Fiff. 18.—Normal distribution curve.” 
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M) Statistical method. According to statistics, the equation for the 
normal distribution curve has the form: 



2 a* 


(37) 


where 5 is the frequency, s is the variable, 0 is its arithmetic mean in 
arbitrary units, o> is the class breadth, Nco is the total area, in absolute 
units, and a is the standard deviation- By comparison of this equation with 
equation (33), it follows, from the linear transformation x = (s — 0)«, that: 


D = *72 1 


(38) 


according to which, a is defined by * = y /where to is the second 
moment of the curve about the arithmetic mean, in absolute units. The 
procedure for determining /ij is as follows. The x-axis is divided into evenly 
spaced units, of unit breadth, numbered outward from an arbitrarily chosen 
origin near the center. The ordinate corresponding to a respective number, 
8 it on the base line is called S t . The zero moment about the arbitrarily 
chosen origin in relative units is: 


Mo - N = 2 ( 5 ,) ( 39 ) 

the first moment is: 

Mi - 0 - UstSiVN (40) 

and the second moment is: 

Mi = 2(«&)/AT (41) 


The second moment about the arithmetic mean in absolute units is: 


to = [th - ( m !)*] o >* 


(42) 


the boundary, or arithmetic mean, being located at the point, x 0 = 0o>. 
The value of to can thus be determined, which leads to the computation 
of D. 

It is often advantageous to transform the arbitrary coordinates, s and S , 
into normal coordinates, as a means of comparing different experimental 
curves in the same units, or of comparing an experimental curve with the 
corresponding normal distribution curve. This is ordinarily accomplished 
by the transformations: 

s *-£„ <«> 


wherein time does not appear as a parameter. The normal curve, which 
may be plotted from mathematical tables, has the form: 



(44) 
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Deviations from ideal behavior in the experimental curves become apparent 

"■ * “T 

SM *»p« 

cal, non-Gaussian curves, the greatest deviation from the .deal curve appear¬ 
ing at the maximum ordinate. This type of curve .s md.cat.ve of a m.xtu e 
of two or more components, each of wh.ch d.ffuses mdependently but 
ideally. By the ordinary methods of calculate, average values of D me 
obtained in such cases. Attempts to resolve a compoundd.frus.oncurv^ 
of this type into its component curves, by the method of Pearson 
not considered to be successful even for two components, especially if the 
values of D are nearly alike or the concentration of one component is low. 

In the general case in which D is not constant, deviations from ideal be- 
havior are indicated by asymmetry in the curves. The maximum ordi¬ 
nate is displaced from the original position of the boundary and moves, 
with time, to the right or left, depending upon the concentration effect. 
In the diffusion of globular proteins 
and like molecules the effect is small, 
but it may be pronounced in the case 
of elongated particles such as linear 
polymers. If mutual entanglement of 
highly elongated particles retards their 
motion, an increase in the rate of 
diffusion with dilution is to be expected. 

On the other hand, the osmotic-pres¬ 
sure distribution in the system would 
suggest a higher rate of diffusion in 
more concentrated solutions. If D in¬ 
creases with concentration, the position 
of the maximum ordinate moves toward 



3 2 i 

SOLVENT 


1 2 3 

SOLUTION 


Fig. 19.—Distribution curve for a 
1% solution of tobacco mosaic virus 
protein.•* 


the solvent, whereas if D increases with 

dilution the reverse is true. A typical skew curve, reported by Neurath 
and Saum“ for a 1% solution of tobacco mosaic virus protein, is shown 
in figure 19. The curve indicates increasing diffusivity toward higher 
concentrations. 

The calculation of D in cases in which concentration effects are in evi- 


80 E. M. Bevilacqua el al., Ann. N. Y. Acad. Sci. t 46, 309 (1945). 

81 K. Pearson, Trans. Roy. Soc. London, A185, 71 (1894). 

M H. Neurath and A. M. Saum, J. Biol. Chem 126, 438 (1938). 
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donee was discussed in Section II. For the testing of the Boltzmann rela¬ 
tion, curves obtained at several different times are required and the con¬ 
centration function for each is determined in terms of absolute values of x 
from the initial boundary. The application of the Boltzmann relation to 
the interpretation of data obtained by refraetometric methods is discussed 
by Beckmann and Rosenberg. 83 

Schlieren-Scanning Method (Longsworth).—Owing to the tedious 
nature of the work involved in the measurement of line displacements in 
the scale method, attention was directed toward the direct observation or 
photography of the refractive index gradient distribution. The develop¬ 
ment of satisfactory techniques for this purpose is dUe largely to the 
commendable work of Longsworth. 73, 84 Although much of the effort has 
been directed toward the study of electrophoresis, the methods developed 



Fig. 20.—Schematic optical system used in the Schlicrcn method. 7 * 

are equally applicable to the measurement of diffusivity. The Schlieren 
and cylindrical-lens methods have an important advantage in that the 
progress of the spreading of the boundary can be followed visually by ob¬ 
servation of the bands or patterns on a ground-glass screen. The Schlieren- 
scanning method 84 provides for the photographic recording of the continuous 
refractive index gradient curve over the diffuse region. Longsworth has 
pointed out that comparable precision can be expected from the scale and 
Schlieren methods. The scale apparatus is more economical to construct 
and somewhat more flexible in the manner of adjustment. 

The Schlieren-scanning method is a modification of the Toepler Schlieren 
method 72 and, like the scale method, s based on the phenomenon of the 
curvature of light in media in which concentration gradients exist. The 
principle becomes clear by reference to figure 20. 

** C. O. Beckmann and J. L. Rosenberg, Ann. AT. Y. Acad. Sci., 46, 329 (1945). 

81 L. G. Longswortli, Am. Chem. Soc., 61, 529 (1939). 
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The Schlieren lens, L, forms an image of the slit, S, at the level, Ko in 

the plane of the the ph^gra^hic plate or 

an -mage of the> is '° n ^ u lo J ed close behind the Schlieren lens. 

Hthe medlum in the cell is uniform, all images of the slit are superimposed 
nt V However if a region, B, of variable refractive index exists, the rays 

passing through thteregion will be refracted, the refraction being m Hie 

downward direction, as indicated, if the lower phase ha^ the higher refrac 
live index which is usually the case. Rays from the level, where the 
highest refractive-index gradient exists, suffer the greatest deflection and 
converge at level Y m . Similarly, rays from two regions of equal refractive 



index gradients, x, and x,, come to focus at the level, K,, and so on. Now. 
if the diaphragm, D, is raised, the refracted rays will be obstructed in turn 
giving rise to a broadening shadow on the plate or screen. Rays obstructed 
at Y m will cause a narrow shadow at H m , whereas if all rays are obstructed 
up to the level, Y x , the shadow will cover the region //, to Hj. This broad¬ 
ening will continue until all the light is obstructed at the level, Y 0 . If only 
the rays at the level, Y h are obstructed, two narrow shadows will appear at 
levels H t and H t on the plate. 

If, in practice, a series of exposures are taken of the band width corre¬ 
sponding to various consecutive positions of the diaphragm, a stepwise 
recording of the refractive-index distribution in the cell is essentially ob¬ 
tained. The modification embodied in the scanning method is the pro¬ 
vision for uniform mechanical motion of the plate and of the diaphragm 
and the synchronization of the motion of the two in a fixed ratio. A con¬ 
tinuous recording of the refractive-index distribution is thereby obtained. 
The plate is moved in the direction of the arrow, N, while the diaphragm is 
moved upward. 

A typical pattern obtained by this method is shown in figure 21 in which 
a represents a stepwise recording and b a scanning recording. It is com¬ 
mon practice to represent the pattern in the vertical position, as shown by 
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c in the figure. The vertical line is due to a graduation on the cell and is 
taken as the origin of abscissas. In the scanning procedure, the refractive- 
index gradient is related to the position of the diaphragm according to the 
equation: 

Y - Y 0 = ab 0 dn/dx) (45) 

in which a is the cell thickness and b is the optical distance from the center 
of the cell to the diaphragm. The ordinate scale in figure 2lc is, therefore, 
abM(dn/dx), in which M is the ratio of the rates of motion of the plate and 
diaphragm. The scale of abscissae is Ex, in which E is the photographic 
enlargement factor. From the experimental diagrams, therefore, curves 
of dn/dx vs. x can be constructed and diffusion coefficients calculated, as 
explained in the previous section. 



The Schlieren apparatus developed by Longsworth is exceedingly flexible 
in the sense that it may be modified with little difficulty to serve for either 
the scale, the cylindrical-lens, or the interference methods. Since precise 
details of construction have been reported recently by Longsworth 84 and 
the complete apparatus is available commercially,* only a brief description 
will be given here. A scale diagram is shown in figure 22. 

The equipment is mounted on two (19.5-ft.) steel channels C, which are 
supported on concrete blocks B, and bolted together with plates G. The 
optical parts are supported by means of plates Pi-Pt and angles A, which 
provide for adjustment in three dimensions. The adjustable, horizontal slit, 
S, is about 25 mm. in width. Provision is made for mounting light filters 
immediately behind the slit. Schlieren lens J is an air-spaced achromat 
of 937-mm. focal length and 100-mm. diameter. It serves as one window 
of the thermostatic bath, L. The lens is masked to exclude all light except 
that passing through the cell. The camera consists of tube H, a focusing 
adjustment, I, a plate holder, F, and a variable aperture and shutter in 

• Apparatus of this kind is obtainable from Kletl Manufacturing Co., and from Frank 
Pearson Associates, New York. A more compact apparatus has recently been announced 
by The PerkinrElmer Corp., Glenbrook, Conn. 
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lie straight-edge is usually used for the Schliercn diaphragm. 1 »v« 

an outline between a dark and a light field on the plate However, a silt 
ran be used if a narrow band of illumination on a dark backgrouiHl ,s de 
sired or a bar can be used to give a dark band on a light backgiound. 1 
diffusion cell (not shown in the diagram) is placed in the water bath as 
closely as possible to theSehlieren lens. Further details in the .lest nption 
of optical arrangements of this kind, including the use of two Schbeien 



lenses to obtain parallel light through the eell and to reduce the length of 
the optical path, are discussed by Moore in Chapter XX\ I. n,a 

The limited information on the refractive indices of solutions has been a 
considerable handicap in the application of refractometlie methods to the 
study of diffusion and electrophoresis. The Sehlieren apparatus is useful 
in this connection in that it can readily be modified to serve for the meas¬ 
urement of the refractive indices of solutions. The method, which is de¬ 
scribed in detail by Longsworth. 84 is a differential one in which hollow prisms 
are used, these being located in the position ordinarily occupied by the dif¬ 
fusion cell. 

Cylindrical Lens Method (Svensson).—The cylindrical lens method in 
the form developed by Thovert 74 required the use of relatively wide dilTu- 
sion cells but it was modified later by Svensson 84 to permit the use of the 
narrow cells now commonly in use. Provision is made in the Longsworth 84 
Sehlieren apparatus for the use of Svensson's optical arrangement. The 

BW D. H. Moore and J. U. White, Rev. Sci. Instruments 19, 700 (1048). 

84 H. Svensson, Kolloid-Z., 90, 141 (1940). 
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method is particularly useful in that the complete refractive-index gradient 
pattern can be observed at any time throughout the diffusion process. 
The Schlieren method is preferable for the quantitative interpretation of 
the gradient patterns. 

The experimental setup is illustrated schematically in figure 2T The 
optical system is tin* same as that of the Schlieren method except that 
diaphragm I) is replaced by inclined slit /. and a cylindrical lens, If, is 
interposed between camera lens O and the screen or plate. (I. The light 
source (»S in Fig. 20) is not shown in this diagram. As in the previous case, 
the camera is focused to form an image of the cell. C , on the screen. The 
cylindrical lens does not change the vertical coordinate, //. but it displaces 



Fig. 24.- Distribution put tom obtained by cylin- 
drieal-lons method (courtesy b. (I. 1/mgs worth). 

light in the .V direction, the deviation being dependent upon the level 
through which the light passes slit /. A ray of light (indicated by the 
solid line) from a uniform region in the cell, .r p . is brought to focus at the 
level, )'n. in the plane of the slit. The ray passes through the slit on the 
near side of the optic axis. A', and is deflected bv the cylindrical lens so that 
it reaches the screen at the level. II p , and forms a point on the base line. 
AC of the gradient curve. Similarly, light (dotted line) from the level, 
.r„,. where the maximum refractive-index gradient exists, passes the slit at 
the level. Y,„. and is focused on the screen at the point. II m X m , shown as a 
maximum on the gradient curve. In the same manner, the light paths from 
intermediate positions in the cell, such as .r„ (dashed line) fall at correspond¬ 
ing positions and complete the distribution curve, as shown in the diagram. 

A typical curve, so obtained is shown in figure 24. as a band of illumina¬ 
tion on a dark background. The ordinate scale here is related to the re¬ 
fractive-index gradient according to the relation: 
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A' - -Vc 


dn 

Kab T tan 0 
dx 


(46) 


. hi,.I, fl is the vertical angle of inclination of the slit, K is the lateral 
magnification of the cylindrical lens, and a and 6 are asdefined mt-he P«- 
Zus section. The scale of abscissae is Ex as in the Sehheren method the 
refractive-index gradient curve may, therefore, be detemuned from the 

P "ntmTde in the Schlieren apparatus ^ 

conversion to the cylindrical lens method. Diaphragm D is made inter 

changeable with an adjustable inclined slit which | S Yf°St1on 

and provided with a scale for the measurement of the angle of inclinat'on. 
2 improvement in the patterns is obtained by tapering or narrowing the 
slit, (spindle shaped) in the regions where the light that passes cone-p 
to the undeviated and maximum deviated images of the™ e 
cylindrical lens is inserted in the camera tube at position M. An adjust¬ 
ment is provided for focusing the lens, which is mounted on a vertical shaft 
so that it may be swung out of the way of the light beam when not in use 
A more compact apparatus of this type designed pnman y for el o- 
phoresis measurements, by K. G. Stern of Polytechnic Institute of book- 
lyn, Brooklyn, N. Y.. has recently been announced by American Inst la¬ 
ment Co., Silver Spring, Maryland. 

Interferometric Method (Gouy).—In the interference method recently 
described by Longsworth,” a new theory is applied to the interpretation of 
interference patterns obtained in the study of diffuse boundaries by refrac- 
tometrie methods. A method involving the same principle was developed 
independently by Philpot and coworkers” in England. The method is 
based on the interference phenomena first observed by Gouy. 69 Inter¬ 
ference methods involving other experimental principles have been re¬ 
ported by Calvet 87 and others.”" 90 Philpot’s method 90 is attractive in 
that the interference bands appear as graphs representing the concentration 
distribution in the cell, and these can be automatically plotted photographi¬ 
cally. The Gouy method was used by Longsworth in the study of the dif¬ 
fusion of potassium chloride and ovalbumin, and by Philpot el al. in the 
study of glycine, with encouraging results. 

The principle of the method, as used by Longsworth, may be explained 
by reference to figure 20. All the light from the slit, S, which passes 


“ L. G. Longsworth, J. Am. Chem. Soc., 69, 2510 (1047). 
* E. Calvet, J. chim. phys., 43, 37 (1946). 

« H. R. Bruins, Kolloid-Z., 54, 265 (1931). 

» H. Rdgener, Kolloid-Z., 105, 110 (1943). 

90 J. St. L. Philpot, Research, 1, 234 (1948). 
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through the diffuse* region, li, is brought to focus in a rectangular area, in 
the plane of the diaphragm. /), l»et\vef»n tlie levels, )’„and However, 

the intensity of this image docs not vary monotonicallv. It will be ob¬ 
served. for example, that the two rav.- that pass through levels, .r, and .r, 
originate and terminate at common points but follow paths of different 
optical lengths. They therefore reinforce or cancel each other, depending 
upon whether they are in or out of phase in the focal plane. The overall 
image thus formed consists of an interference pattern, as shown in figure 
25, of dark and light horizontal lines, each fringe corresponding to particu¬ 
lar conjugate levels in the cell. Thus, measurement of the fringe spacing.* 
provides a means of determining the diffusion coefficient. 



Fig. 25.—Interference pattern in llu? plain* of the 
Schlierrn diaphragm (courtesy L. G. !*ongs\vorth). ,J 

The Sehlieren apparatus (Fig. 22) is readily adaptable to this type of 
investigation, the only change necessary being the replacement of the 
diaphragm. /). by a combination plate holder and focal-plane shutter for 
the photography of the fringes. Longswotth used a plate holder designed 
for 3- X 6-cm. plates. The shutter was of the sector-disk type and was 
driven by a I r.p.m. synchronous clock motor. 

In this method some difficulty is encountered in obtaining uniform ex¬ 
posure on the plate, especially in the early stages of diffusion, because the 
greater part of the light is concentrated in the undeviated slit image. This 
can be largely overcome, however, by masking the cell so that the exposed 
portion is about twice the thickness of the diffuse layer. The use of the 
Sehlieren camera is helpful in making proper adjustments of the mask. 
The control of exposure for optimum resolution is facilitated by placing 
pieces of a suitable filter in front of the plate, each piece being displaced 
horizontally so that the light beam passes through a successive number of 
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thicknesses ol .ho «ta. , 

proper exposure can usually he found. * , t the minima of 

Of a comparator microscope. It » advantageous ^ ^ ob _ 

sJuriT" Thrirhod'^ green^ine! 

coefficient is computed from the equation. 

O = jlxW/4rf* { ) 

distance of the fringe minima from the normal slit image, and *, 


Table l a 
Relation of e - ** vs. /(*) 



0.00000 

.00054 

.00303 

.00587 

.01005 

.01576 

.02116 

.02759 

.03513 

.04377 

.05360 

.06460 

.07678 

.09016 

.10471 

.12042 

.13723 

.15513 

.17404 

.19391 

.21466 

.23623 


1.00000 

0.99193 

.97473 

.96079 

.94403 

.92459 

.90837 

.89083 

.87206 

.85214 

.83118 

.80928 

.78655 

.76307 

.73896 

.71433 

.68929 

.66392 

.63833 

.61262 

.58690 

.56125 


0.25853 

.28147 

.30498 

.32895 

.35329 

.37790 

.40270 

.42759 

.45248 

.47729 

.50192 

.52630 

.55034 

.57399 

.59717 

.61983 

.64189 

.66334 

.68411 

.70417 

.72977 

.75401 


0.53574 

.51048 

.48554 

.46098 

.43687 

.41329 

.39028 

.36787 

.34614 

.32510 

.30479 

28524 

.26646 

.24848 

.23129 

.21489 

.19931 

.18451 

.17052 

.15730 

.14086 

.12573 


0.77683 

.79825 

.81335 

.82769 

.84121 

.85396 

.86595 

.87718 

.88770 

.89752 

.90664 

.91512 

.92299 

.93027 

.93697 

.94314 

.94880 

.95398 

.98247 

.99414 

.99956 

1.00000 


0.11187 

.09922 

.09049 

.08238 

.07486 

.06971 

.06149 

.05558 

.05014 

.04515 

.04060 

.03643 

.03263 

.02917 

.02604 

.02320 

.02063 

.01832 

.00633 

.00193 

.00012 

.00000 


WIST^Wort 6 

National Bureau of Standards), 1941. 

»» G. Kegcles and L. J. Gosting, J. Am. Chem. Soc ., 69, 2516 (1947). 
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duced height of the cell, is equal to x/2y/Dt. The term e~ z ' is obtained 
from the relation e ~** vs. f(z) for values of f(z) equal to (j -f- V< )/jm, in 
which j is the fringe number (zero l>eing assigned to the lowest fringe in the 
pattern) and/(z) is the path difference function, being defined as: 

/(*) = e~'‘dp - 2y/i z e— (48) 

in which the first term on the right is the error integral. The relation 
e~ li vs. /(z) is conveniently tabulated by Kegelesand Gosting 91 for a large 
number of z values (see Table I). The parameter, j mt of the path differ¬ 
ence is a measure of the number of fringes in the pattern plus one and is 
defined by the equation: 

jm = a(n, - n 0 )/X (49) 

in which a is the cell thickness and n, and n<> are the refractive indices of 
the two solutions forming the boundary. Longsworth determined j m by 
a method of trial and error, since the term need not be an integral value and 
cannot be readily measured experimentally with sufficient precision. 
Values of C t were calculated for different assumed values of j m until the 
most constant value of C, for different values of j was found. It is there¬ 
fore shown that all terms in equation (47) can be evaluated and a means of 
determining D from the interference patterns is available for systems in 
which D is constant. 

Reflectometric Scale Method (Littlewood).—The optical method re¬ 
ported by Littlewood 92 is based on the phenomenon of light refraction and, 
as such, is unique in that concentrations rather than refractive-index gradi¬ 
ents are measured experimentally. However, the concentrations are de¬ 
termined by means of an experimental arrangement involving the normal 
reflection of a beam of light by a mirror, the position of which is read on a 
graduated scale. Although this method has received little attention the 
principle is of sufficient interest to warrant mention. A drawback to the 
method, as described by Littlewood, is that relatively wide diffusion cells are 
required. It would appear, however, that the apparatus might be modified 
to accommodate narrower cells. 

The optical arrangement is shown schematically in figure 26. The cell, 
C, is provided with a glass side wall to permit passage of the light beam, 
and is almost completely immersed in a regulated water bath, illustrated 
at B. The cell is completely filled with the liquids and then covered with 
a glass slide. The boundary is formed at a level near the middle of the 
cell. A narrow pencil of light, Aa, incident at a small angle at the surface, 

•* T. H. Littlewood, Proc. Phys. Soc. London , 34,71 (1922). 
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the light beam. It follows further from the theory that the angle of emer¬ 
gence of the beam (and hence the position of the mirror) is independent of 
the concentration of the layers of solution between the surface and the 
point of emergence. The angle of emergence is dependent only upon the 
angle of incidence at the surface and the refractive index of the liquid at the 
point of emergence. Therefore, the apparatus may be calibrated with 
solutions of known uniform concentration. 

In Littlewood’s apparatus, the light source consists of a fine horizontal 
wire illuminated with sodium light and attached close to the front of the 
telescope objective. The telescope is mounted with its optic axis at a 
small angle to the surface of the cell and is provided with a means of ad¬ 
justment in the horizontal direction, AA\. A scale is engrated on the 
inner side of the glass wall of the cell. The mirror is rotated by means of a 
gear mechanism and its position is determined on a graduated scale. 

After diffusion has commenced, the focus of the telescope and the angular 
position of the mirror are adjusted until a sharp image of the source ap¬ 
pears on the cross hairs of the telescope. The telescope is then focused 
on the cell wall to determine the level at which the pencil of light passes. 
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By following this procedure readings can he obtained at any desired level 
in the cell by suitable adjustment of the position of the telescope. The 
position of the mirror is readily interpreted in terms of concentration of 
solution at the corresponding level in the cell. The boundary position 
can be determined at the start of the process. The data give a relation 
between c, x , and / which can be used to calculate the diffusion coefficient, 
as discussed in Section II. 

Microcolorimetric Method (Fiirth).—The desirability of avoiding the 
time-consuming operations ordinarily involved in the study of diffusivity 
prompted the development of micro methods of investigation. In the 
progress of a layer of solution of fixed concentration along the diffusion 



I’ig. 27.—Typical fu-lds of view observed in the microcolorimetric method 

(courtesy It. Forth).* 4 


column, the time is proportional to the square of the distance. It fol¬ 
lows, therefore, that if the required distance along the column is decreased 
by a given factor the time will be decreased by the square of that factor. 
Following this reasoning, microtechniques were devised by Fiirth 93 * 94 
wherein a series of measurements can be made over a region near the bound¬ 
ary in a period of less than an hour. Over this period of time the errors 
introduced by vibrations and temperature fluctuations are very small. 
The brief time involved is advantageous in the study of perishable ma¬ 
terials. A disadvantage of the methods is that the measurements are 
made in a region in which errors due to boundary disturbances are pro¬ 
nounced. Also, the procedures employed for the determination of con- 

91 It. Fiirth, Wuj*ik\ 26, 711) (11)25). 

94 It. Fiirth, J. Sci. Inslruments, 22, 61 (11)45). 
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. n, ml ions do not favor results of high accuracy. However, the methods 
should have many applications in which speed rather than precision i- 

im The p"inciplc of the colorimetric method is based on the matching of the 
color of the diffusing solution, at measured levels in the ^ 

nnlor of a comparison solution of known concentration. 1 he met 1 h • 
naSclrly applicable to the study of dyes. In the simplest arrangement 
a cell of the type shown in figure 5 is used. The operation of this cell iis d *- 
cussed on page 562. The microscope is focused on t he cell so that he pa 
tition C, forms a vertical dividing line in the field of view. Ihe c ). 



proximity of the two solutions in the field facilitates the matching of the 
colors. The microscope is provided with an ocular micrometer having a 
narrow horizontal slit which is adjustable in the vertical direction. Ihe 
position of the slit can be read on the ocular scale. Photographs of two 
typical fields of view are shown in figure 27. The exposure at the left illus¬ 
trates a condition at the start of the experiment when the boundary is 
sharp; that at the right, a condition after diffusion has proceeded for a 
period of time. The vertical ocular scale is visible in the photographs and 
the dotted lines represent the slit position. 

The use of this type of cell limits the method to the comparison of only 
one standard solution in a single experiment. This undesirable feature 
was overcome by Nistler 95 by the use of two microscopes in parallel, the 
diffusion cell being located in front of one and a bank of several comparison 
cells in front of the other. The comparison cells could be moved in turn 

A. Nistler, Koltoidchein. Beihefle, 28, 296 (1929). 
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into the field of view. A comparison eyepiece was used to project the two 
fields into one ocular. Later, however, a more practical multiple-compari¬ 
son cell arrangement was devised by Flirth* for use with one microscope. 
A schematic drawing of the cells is shown in figure 28. 'l'he eight compari¬ 
son chambers c x to r 8 , all have the same width and the same spacing be¬ 
tween them, this being equal to the width of the diffusion cell, I). Also, 
all of the cells are of the same thickness. The plates, A and B, serve as 
outer walls for the comparison and diffusion cells, respectively. Trans¬ 
parency of the cells is provided by the use of colorless cement and of opti¬ 
cal glass for the plates and spacers. In practice, the diffusion cell is set 



Fig. 29.—Microdiffusioim'tcr (courtesy It. Fttrth).* 

in a fixed position but the comparison cells may be moved laterally, in 
close contact with the diffusion cell. Any two of the comparison chambers 
may therefore be brought adjacent to the diffusion cell at a single setting 
and the diffusion field then matched on both sides with two different com¬ 
parison fields. 

A photograph of the microdilfusiometer is shown in figure 29. The cell 
holder, //, which contains the cells shown in figure 28, is mounted on a 
special swivel table, V, in front of the objective of a microscope. It is ad¬ 
justed normal to the light beam and is clamped in position by means of a 
thumbscrew. Knob P operates a raek-and-pinion device, It, for sliding 
the comparison cells across the field. The draw slide used to form the 
boundary is operated with lever L. The microscope, M , is equipped with 
a focusing adjustment screw, MI , an ocular micrometer, 0, and a low- 
power objective to obtain sufficient depth of focus. In later investigations 

64 R. Furtli and It. Zulwr, Z. Phytik, 91, 609 (1934). 
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Furth employed a magnification of 20X but higher Wification® « f 
40x or GOX appear to have been used successfully. The collimate, 
C, supplies a parallel beam of light for uniform illumination of the cell. 
The condenser lens LE focuses the light from a suitable source LA in the 
plane of an adjustable circular diaphragm, D, in front of the collimator. The 
diaphragm is useful in controlling the intensity in the field of view. Suit¬ 
able filters, F, may be inserted to enhance the color contrast in the field. 

In practice, the comparison cells are filled with solutions at different 
known dilutions of the solution under investigation. Readings are taken 
as soon as possible after formation of the boundary, starting with the most 
dilute comparison solution and continuing in order through the series. 




Fig. 30.—Microdif.'usion cell and attached prism (Zuber). 91 

The time is, of course, recorded for each measurement. The bank of cells 
is then moved back to its original position and the operation repeated and 
continued until sufficient data are obtained. The method gives a relation 
between x and l at constant values of c corresponding to each of the com¬ 
parison solutions. The diffusion coefficient can therefore be computed in 
the manner discussed in Section II. 

Microreflectometric Method (Zuber).—In the micro method of 
Zuber 94 ' 97 concentrations are determined from the limiting angle of total 
reflection of a light beam incident on the wall of the diffusion cell. In re¬ 
gard to accuracy and rapidity, this method is comparable to the colorime¬ 
tric method. The experimental principle is explained by reference to 
figure 30. The diffusion cell is cemented on side wall B of prism Pr; G 
is the base of the cell, Di and I) 2 are the spacers separated by draw slide 
S, and F is the face plate. Observations are made with a microscope on 
the ground surface of the plate, E , which is cemented on side wall A of the 
prism. If a beam of light strikes the hypotenuse face of the prism, C, as 
shown by the arrow, it will be either refracted into the liquid in the cell or 
reflected at face B, depending upon the angle of incidence of the beam and 

97 R. Zuber, Physik. Z., 30, 882 (1929). 
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the refractive index of tHo liquid. If a solution of uniform concentration 
is contained in the cell and the prism is rotated about a vertical axis in the 
center of the screen, a vertical boundary between a dark and light area will 
move across the field of view and the whole field will Income dark when to¬ 
tal reflection occurs. The limiting angle of total reflection is a function of 
the concentration of the solution in the cell. Therefore, a relation be¬ 
tween the concentration and the prism position for total reflection may be 
established by calibration of the system with solutions of known concen¬ 
tration. Now, if a concentration gradient exists in the cell, because of dif¬ 
fusion, the boundary between the light and dark areas will not be vertical 
but will have the general appearance illustrated in figure 31. The field is 

shown reversed, as observed in the 
microscope. The point, p, represents 
the level of total reflect ion. The figures 
and cross lines indicate the scale in the 
micrometer ocular, the initial boundary 
being adjusted to zero. The heavy 
cross line is an adjustable reference 
mark in the ocular; it corresponds to 
the adjustable slit used in the colori¬ 
metric method. 

The microdiffusiometer (Fig. 29) is 
so designed that it may be used inter¬ 
changeably for both micro methods. 
When applied to the reflection method, 
the cell and prism Pr, on base G (see 
Fig. 29) are mounted on the rotary table in place of cell holder //. The 
unit is adjusted so that the viewing screen can be rotated about the vertical 
axis of the table. The slit in the ocular of the microscope is replaced by 
a horizontal cross hair. The light source may be a mercury arc lamp, LA, 
with suitable filters, F, to give a beam of essentially monochromatic light 
The procedure followed during an experiment is similar to that used for 
the colorimetric method. After formation of the boundary a series of 
limiting total reflection readings are taken, corresponding to various 
settings of the prism, which are read on the micrometer screw, MI. It 
is advisable that the readings proceed in order toward higher concentra¬ 
tions. The procedure is then repeated at the same prism settings, and 
may be continued until the diffuse region extends past the field of view. 
This method gives a relation between x and t at constant values of c. The 
readings can be taken, however, so that the relation t vs. c is obtained at 
constant values of x. The calculation of the diffusive coefficient is dis¬ 
cussed in Section II. 



Fig. 31.—-Typical field of view observed 
in the micromethod for colorless liquids.** 



XII. DIFFUSIVITY 


GUI 


C RESTRICTED DIFFUSION METHODS • mn orviftlIS 

' In restricted linear diffusion the flow of material is hm.ted ^ ^ ™ U r 

ssissssi 

the concentration range involved. However, as the c ® n ^ tr ^ n ^ 
ence between the two ends of the column approaches zero the mtegral 
values approach the differential value for the mean concentration. There¬ 
fore tluTdiffusivity, even of concentrated solutions, may be rigorously de 
termined if measurements are made during the later stages of the process 
This fortunate circumstance has been used to advantage by Harned in h.s 
conductometric method. His measurements on the t?™'*'**** 
sium chloride are the first of sufficient precision for the “J? 

electrolytic solution theories. Most of the work on the study o rcstr.cte 
diffusion has been performed by the method of layer analys^-Opt.cal 
methods have been used very little although they appear to be applicable 

to this type of experiment. 98 100 

Method of Layer Analysis (Cohen and Bruins).—In this method, 
boundary formation and sampling are usually accomplished by means of a 
pipette or small connecting tube. Cohen and Bruins”* employed a shear¬ 
ing mechanism for this purpose, however, and their work affords a good 
example of carefully performed experiments in this field. 

The device consists of six circular glass plates, 1 cm. thick, which can be 
rotated in close contact about a common central axis. The two outer 
plates form the top and bottom of the cells. Holes are cut through the 
other four plates at positions such that they can be aligned to form the dif¬ 
fusion chamber or moved aside for filling, and for removal of samples 
Small holes are drilled through the platos for this purpose. Cohen and 
Bruins provided for three columns in each set of plates. In practice, the 
solution is placed in the lower compartment of each cell and solvent in the 
upper three compartments. The boundary is then formed and, after dif¬ 
fusion has taken place, each column is again separated into its four sections 
and the samples removed for analysis. The diffusion coefficients are com¬ 
puted from the Stefan-Kawalki tables (see Section II). 

Electrical Conductance Method (Harned).—Although the property of 
electrical conductance has been recognized for many years as a means 
of measuring the diffusivity of electrolytes, developments in this field 

98 1. V. Obreimov, J. Phtjs. U. S. S. R., 8, 142 (1941). 

99 L. W. Oholm, Z. phys. Chem., 50, 309 (1905). 

100 L. J. Burragc, J. Phys. Chem., 36, 2163 MC32'. 

101 E. Cohen and H. R. Bruins, Z. phytik. Chnn., 113, 157 (1921) 
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have not been extensive. A method is reported by Lamm 102 wherein the 
conductance is measured between levels near opposite ends of the diffusion 
column. In the precision method of Harned and coworkers 103 * 104 a dif¬ 
ferent principle is employed in that the conductance difference is measured 
between two pairs of electrodes placed at fixed positions near the ends of 
the column. The interpretation of results is greatly simplified by the de- 



Klcctrical conductance diffusion apparatus (Harned) 
(a) side view; (6) top view; (c) end view. 104 


sign of the apparatus. By careful experimentation in the later stages of 
diffusion it was found possible to measure differential diffusion coefficients 
by this method with an accuracy of 0.1%. 

A diagram of the apparatus is shown in three positions in figure 32: side 
view (a), top view (6), and end view (c). The cell, which is made of Lucite, 
in the form of a parallelopiped, operates on the shearing principle. The 

101 O. I^amm, Svensk Kem. Tid. t 55, 263 (1943). 

,n * H. S. Harned and D. M. French, Ann. N. Y. Acad. Sci., 46, 267 (1945). 

,n ' II. S Harned and R. L. Nut tall. J Am. Chcm. Soc., 69, 736 (1947). 
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The sliding plate is operated with the brass capstan, K, the mie,, 
the oullevs P The platinized platinum electrodes, E, are machined flus 
Sh the surface of the Lucite blocks. They are placed at exactly one 
sixth of the distance along the column from each end, this particulai posi 
Ion being indicated by the theory to facilitate in the mterprctaUon o re¬ 
sults (see Section II). The height of the column «^"J 
gauge. The cell is mounted on a heavy brass block, D, in a Luci^box. ■ 
and the whole unit is suspended in a thermostatic bath >y a \ 

Julius suspension. The electrode leads pass through ^a'ed holes L n a 
ground stopper at the top of the box. The water bath is conti oiled to «ith n 
0.01° C.; thus fluctuations in temperature within the box are exceeding J 
small. The conductance measurements are made with a calibrated one 


At the start of an experiment the cell is inverted, filled with conductivity 
water, and the excess water sheared off in the cup, B. The solution is then 
placed in the salt cup, A, through the hole, G, and the sliding plate is 
moved to the position which is shown in figure 32a. The unit is placed in 
the water bath for about 24 hours for the attainment of temperature 
equilibrium and the sliding plate is then moved so that the salt cup is di¬ 
rectly under the cell. After the desired amount of salt has diffused into 
the cell, it is again closed by moving the plate back to its original position. 
Readings of the conductance are then taken at desired intervals of time. 

The diffusion coefficient is calculated from the concentration difference, 
the time, and the height of the cell, as explained in Section II. Linearity 
of the plot of In ( c ' — c ") vs. t serves as a test for the constancy of D as the 
concentration range decreases. If the difference in concentrations (c — 
c") is proportional to the difference in the reciprocal resistances (Ki - K 2 ), it 
is sufficient to use the relation \n(Ki — K 2 ) vs. 1; if it is not, the differences 
in concentration must be determined from the relation between concentra¬ 


tion and conductance. 

Possible errors in the conductance measurements, due to a concentration 
gradient across the electrodes, are largely eliminated by compensation in 
the method of differences. If the cell constants of the two pairs of elec¬ 
trodes are not identical, however, a correction factor must be applied. The 
terms K x and K 2 represent corrected values. The correction can be intro¬ 
duced as shown in equation (50): 
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(A'l - K\) - (A:r - AT) = ( 50 ) 

in which .4' is a constant, A'* and K\ are the measured reciprocal resist¬ 
ances, and A” and AT are the reciprocal resistances obtained when the 
concentration of the solution is uniform. At the end of the experiment, 
uniformity of concentration may be readily established by convection in¬ 
duced by temporary local heating of the electrodes. The final concentra¬ 
tion can be determined analytically as a means of checking the cell con¬ 
stants. 

D. STEADY-STATE DIFFUSION METHODS 

If the concentrations at the ends of an open diffusion column are main¬ 
tained constant, a steady state of flux and of concentration distribution is 
eventually established in the column. These boundary conditions offer 
advantages in the interpretation of results. If the flux Q and the concen¬ 
tration gradient (dc/dx) are measured experimentally, D can be com¬ 
puted from equation (17), without requiring the integration of equa¬ 
tion (3). Furthermore, since values of both c and dc/dx can be deter¬ 
mined at any level in the column, D can be completely established. 

Porous-Diaphragm Method (Northrup and Anson).—The difficulties 
attendant on the establishment of a steady state can be largely circum¬ 
vented by the use of a porous diaphragm for the diffusion column. 
Strictly speaking, the porous diaphragm does not reproduce conditions 
of a steady state except as a limiting condition in which the concentration 
difference becomes zero. However, under suitable conditions, the method 
may be treated as a steady-state problem. 

The technique, introduced by Northrup and Anson 106 in 1929, has de¬ 
cided advantages over many other methods. The diaphragm, through 
which diffusion proceeds, serves as a permeable membrane between two 
solutions of uniform concentration. Convection is absent within the dia¬ 
phragm but is utilized in the outside liquids to maintain homogeneity. 
Therefore, difficulties due to boundary formation, vibrations, and convec¬ 
tion, which are of major concern in free diffusion methods, are practically 
eliminated. This feature is particularly helpful for work at elevated tem¬ 
peratures. The time required for sufficient diffusion is less than that for 
most other methods because of the relatively high concentration gradient 
established in the diaphragm. The method is suitable for both aqueous 
and nonaqueous solutions and relatively large volumes of solutions are 
available for analysis. Tests of the method indicate that a reproducibility 
of results to within a few tenths of one per cent can be expected. 

On the other hand, absolute measurements of diffusivity can not readily 

105 J. II. Northrup and M. L. Anson, J. Gen. Physiol., 12, 543 (1929). 
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be obtained by this method because the direct fa 

thickness of the diaphragm and cross-sectional area ° rtondpnt 

not feasible. The method is therefore a relative one bemg dependent 

upon a solution of known diffusivity for calibration. Fu, t * e '™ ^ ad _ 
not suitable for the study of materials such as certain dyes uhich are a 
ZZ on le sulce of the membrane. The method does not lend ,tse. 
to continuous methods of observation unless arrangements are made 
analysis in silu, such as by electrical conduct- _ 

ance. . • • i 

Improvements in the design of the original 

apparatus have been made from time to time J-L i=L 

by various workers. M *- ,w The two types of <CJ> O 

cells in common use are classed as single-end 
and double-end cells. The single-end cells /Tj\ 

are bottle-shaped vessels having the dia- y 

phragmatoneend. They usually contain the 

more concentrated solution. The end con- / ' I® 3 rfl 

taining the diaphragm is immersed in a beaker CT r ^5. 

of solvent or more dilute solution during the Tj j) 

diffusion process. The double-end cells have W jj 

the diaphragm sealed in the center of a glass n 

tube which is closed at both ends except for 

small connecting tubes which are required for V J 

the transfer of the liquids. This type of cell 

constitutes a closed system and therefore has 

certain advantages, in that the possibility of 

mass flow is minimized, the volumes of both 

compartments are fixed, and evaporation and 

contact of the liquids with air is prevented. lJ 

A double-end cell of satisfactory design 107 Fig 33 -Porous-diaphragm 
is illustrated in figure 33, the constructional diffusion cell . 107 

details being clearly shown. The stopcocks 

on the connecting tubes should be located as closely as possible to the coll 
proper. The porosity of the membranes must be such that both bulk 
streaming and semipermeability are avoided. Corning medium-grade, 
or Jena G-4, fritted glass disks about 5 cm. in diameter and 2 or 3 mm. 
in thickness are suitable. Bulk streaming may occur if coarser grade dia¬ 
phragms are used. With finer grade diaphragms, cleaning difficulties are 


,oa J. W. McBain and C. R. Dawson, Proc. Roy. Soc. London, A148, 32 (1935). 
107 H. Mouquin and \V. H. Cathcart, J. Am. Chem. Soc., 57, 1791 (1935). 

E. Valko, Trans. Faraday Soc., 31, 230 (1935). 

100 G. S. Hartley and D. F. Runnicles, Proc. Roy. Soc. London, A168, 401 (1938). 
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enhanced and the rate of transfer of diff urate may be considerably reduced. 

A modification of the fritted disk cell, in which filter paper is used for the 
membrane, is reported by Gage." 0 

Stirring is accomplished by means of small glass spheres which move 
through the liquids when the cell is rotated by the belt and pulley mecha¬ 
nism. Each pair of spheres is so chosen that the density of one is slightly 
less and the other slightly greater than that of the medium. Indentations 
are made at the entrance of the tubes to prevent the spheres from stopping 
the flow of liquid when removing samples. The rotational speed of the 
cell should be about one revolution per minute. The stirring can be per¬ 
formed in a similar manner 109 by rotating the cell in an inclined position 
about the longitudinal axis. The necessity of stirring is open to question 
since gravitational flow tends to maintain homogeneity when the more 
dense solution is in the upper compartment. However, secondary diffusion 
layers 107 may build up on the surface of the membrane and thereby alter 
the effective thickness of the diaphragm. Gordon 111 suggests that stirring 
is probably not necessary if the density and viscosity of the liquids used for 
calibration and experimentation are similar, and the same procedure is 
followed in both cases. 

In practice, a preliminary period of time should be allowed for the es¬ 
tablishment of a steady state in the diaphragm and the solutions then re¬ 
plenished with a fresh supply. The time required may be roughly esti¬ 
mated from the relation, f — 1.2 l*/D, in which l is the diaphragm thickness 
and t is time. An approximate value of D is sufficient for the calculation. 
The cells are filled to the same level in the connecting tubes and the stop¬ 
cocks allowed to remain open until temperature equilibrium is established. 
The solutions should be degassed and precautions taken to remove all air 
bubbles in the pores of the diaphragm. The unit is mounted in a water 
bath to a depth such that the ends of the three connecting tubes project 
above the surface. After diffusion has proceeded for the required time, 
the solutions are removed for analyses, unless provision is made for analysis 
in situ. Hartley and Runnicles 109 used a conductometric method to ac¬ 
complish the analysis without interruption of the diffusion process. 

The accuracy of the method depends chiefly upon the transfer of ma¬ 
terial through the diaphragm being due entirely to diffusion. Bulk stream¬ 
ing may occur if improper or imperfect membranes are used. Dawson 112 
has reported a test for streaming which involves the comparison of results 
obtained when the cell is held at an angle of 30° with those obtained when 
the cell is placed in the normal upright position. A safer method is to use 

1,0 J. C. Gage, Trans. Faraday Soc., 44, 253 (1948). 

111 A. R. Gordon, Ann. N. Y. Acad. Sci., 46, 285 (1945). 

,,J C. R. Dawson, J. 4 m. Chem. Soc., 55, 432 (1933). 
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several cells so that irregularities in any particular eell become ^parent 
Surface transport of material on the walls of the interspaces cannot readily 
be detected but the effect can be investigated by the use of membranes o 
and composition, and the study of different materials 

° f The'ch^ce'of'a'suitable standard for calibration £ been perhaps the 
most perplexing question in the diaphragm-cell method. Gordon has 
proposed that potassium chloride, diffusing from 0.1 N aqueous solution 
into initially pure water, be used as a standard If diffusion proceeds 
until the concentration has decreased approximately from 0 1 to 0 075 N 
the volumes of the two phases being equal, the diffusion coefficient is taken 

to be 1 830 X 10“ s cm. 2 per sec. at 25° C. 

The Fick equation in the differential form is not strictly applicable to the 
porous-diaphragm problem since changes in concentration gradient occur 
in the course of the diffusion. The equation is a close approximation, 
however, if the time is sufficiently short so that the concentration difference 
across the diaphragm is essentially constant. Under this condition, if D 
is constant, equation (17) may be used in the modified form: 




(51) 


in which q is the amount of material passing through the diaphragm in time 
t c' and c" are the concentrations of the upper and lower solutions, re¬ 
spectively, and K is the cell constant, being equal to A/l t in which l is the 
effective thickness of the diaphragm and A is the average cross-sectional 
area of the pores. If the concentration changes are appreciable an inte¬ 
grated form of the Fick equation must be used: 

K'Dt - log C c' 0 - Co) - log (c' - c‘) (52) 

in which c' 0 and cl refer to the initial concentrations when t = 0. If the 
initial concentration, c' 0} is not measured, as is often the case when single¬ 
end cells are used, the term c 0 can be replaced by the expression c' + 
( c * _ d)V'/V\ in which V' and V' are the volumes of the respective 
chambers. In this case the cell constant K' is equal to 


A(V‘ + F')/2.303iF'F' 

Equation (52) is rigorous if D is constant in a fixed frame of reference and 
conditions in the diaphragm are those of a steady state. Since concen¬ 
tration changes occur continuously, a steady-state condition cannot actu¬ 
ally be realized but a pseudo steady state may exist at any instant if the 
concentration changes take place sufficiently slowly so as not to alter this 
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condition. Ramos" 1 has shown in a rigorous solution of the problem that 
this assumption does not lead to an appreciable error if the volumes of the 
solutions are relatively large compared to that of the space in the dia¬ 
phragm. This condition is easily realized in practice. Furthermore, 
deviations from the steady state will tend to be compensated for in the 
manner of calibration. 

The second assumption, that I) is constant, is implicit in Fick’s law. If 
D is not constant, a linear concentration gradient across the diaphragm 
does not exist and equation (52) is invalid. Actually the coefficient, as de¬ 
termined by equation (52) is an averaged integral value which does not 
refer to a definite concentration range since the range changes during the 
course of the diffusion. However, the “effective” diffusion coefficient 
(D') n * as computed by equation (52) is related to the differential coefficient 
according to the relation: 



If D is a linear function of concentration, i. e. t D = D 0 (1 — ac), it follows 
that: 

D' = Do - Do«(c‘ - c')/2 (54) 

and it becomes apparent that D' can be equal to D only at the mean con¬ 
centration of the two media, (c' — 0/2. In many cases it has been found 
that D is unfortunately not a linear function of c. Gordon el a/. 115 have 
shown, however, that in such cases the relation is still a good approxima¬ 
tion, provided that the concentration difference (c' — c") is not large. In 
an extensive treatment of the problem Gordon" 0 has also given a method 
of approximation for the calculation of differential from integral coefficients 
in cases where D is not a linear function of c. 

Refractometric Method (Clack).—The difficulties involved in the es¬ 
tablishment of a steady state in an open diffusion column have tended to 
discourage investigations in this field. Lamm" 6 has suggested that bound¬ 
ary formation might be facilitated by the use of porous diaphragms at 
both ends of the column but the method has not been investigated or the 
theory developed. The refractometric method developed by Clack 117,118 
lias, however, met with a good measure of success. In this method the re- 

»> C. Barnes, Physics, 5, 4 (1934). 

1,4 A. F. W. Cole and A. R. Gordon, J. Phys. Chem., 40, 733 (1936). 

1,6 W. A. James, E. A. Hollingshead, and A. R. Gordon, J. Chem. Phys., 7, 89 (1939). 

1,8 O. Lamm, Svensk Kem. Tid., 55, 263 (1943). 

117 B. W. Clack, Proc. Phys. Soc. Undon, 36, 313 (1924). 

L. G. Longsworth, Ann. N. Y. Acad. S.i., 46, 211 (1945). 
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‘ f tr”« type o. eppeettus »s«d by CM. 

approximate dimensions, o X * x i cm. . . . - f u 

tends into an enclosed vessel containing saturated solution in contact w, ‘ 
excess solid. A constant flow of water past the upper end maintains the 
concentration at this level at essentially zero. 



Fig. 34.—Optical system used in the steady-state diffusion 
apparatus of Clack (Longsworth)."* 


In the optical arrangement, light from slit S is collimated by lens L\ t 
passes through the diffusion chamber, and is then brought to focus in the 
plane of the ocular, E, by lens U The use of monochromatic light (such 
as the mercury 5461 A. green line) and of spherically corrected lenses is 
desirable. Cell C is masked by screen B , which is adjustable in the verti¬ 
cal direction and contains the compound slit, Y . The double slit, which 
consists of two horizontal openings about 0.2 mm. in width and 1.3 mm. 
apart, forms a sharply defined central interference band which is more 
easily observed than the beam from a single slit. The ocular, E, is pro¬ 
vided with a micrometer scale for measuring the position of the band. 

A period of about twelve days is required for the establishment of a 
steady state in the column. The rate of flow of diffusate up the column is 
then determined by analysis of the overflow of dilute solution which passes 
from the upper end. This procedure establishes the value of Q in the Pick 
equation. The refractive-index gradient, dn/dx, is determined at meas¬ 
ured positions along the column, by the displacement of the light beam from 
its observed position when the liquid in the cell is homogeneous. The rela¬ 
tion between dn/dx and the displacement, Z, is given by the expression: 
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Z = ab (< dn/dx ) (55) 

in which a is the cell thickness and b is the focal length of the lens, L 2 . If 
n is known as a function of c, both c and dc/dx can be found for any level 
in the column. Values of D can therefore be computed under conditions 
in which both c and dc/dx are known, as explained in Section II. 

3. Diffusion in Gels 

According to current theories, gels possess a ramified, more or less co¬ 
herent, fibrillar structure that retains the liquid component and confers 
rigidity and elasticity upon the system as a whole. The impedance to 
diffusion in gels is remarkably small compared with the very high viscosity 
exhibited on a macro scale. Diffusion evidently takes place in the free 
liquid contained in the pores and capillary spaces. The permeability of 
gels appears to depend largely upon the relative dimensions of the pores 
and the diffusing particles. Small particles in dilute gels may diffuse at a 
rate approaching that in the liquid alone, whereas macromolecules may be 
stopped completely. Friedman and Kraemer 119 have attributed the im¬ 
pedance to diffusion in gels to three causes: 

(/) Mechanical blocking, and reduction in the available space by the 
gel structure. 

(2) Resistance to the motion of the particles by the close proximity of 
the cell walls. 

(3) Increase in the viscosity of the liquid in the pores by solution of the 
gel substance. 

The diffusivity may also be influenced by a number of factors, such as the 
concentration, age, pH, isoelectric point, and rate and temperature of 
setting of the gel, and by the presence of electrolyte. Friedman 120 has 
shown that even the presence of a nonelectrolyte in the gel may affect the 
diffusion of another nonelectrolyte. Conditions should therefore be care¬ 
fully controlled if reproducible results are to be expected. The phenom¬ 
enon of diffusion offers a means of studying the porosity and structure of 
gels. 

Although the basic principles of liquid diffusion apply to diffusion in 
gels, modifications in experimental technique are usually required. The 
absence of convection in gels is a decided advantage when working with 
systems of this type but other difficulties arise which are not ordinarily 
encountered in liquid diffusion. For instance, the presence of the sub¬ 
stance forming the gel may interfere with the chemical, electrical, or optical 

,,a L. Friedman and E. O. Kracmcr, J. Am. Chem. Soc., 52, 1295 (1930). 

1W L. Friedman, J. Am. Chem. Soc., 52, 1311 (1930). 
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analysis of the diffusing material. Also, difficult.es of a different nature 
encountered in boundary formation. In continuous gel systems the boun 
ary is formed by pouring the warmed (liquefied) upper phase over t 
lower phase in which gelation has been allowed to take place. In fol owing 
this procedure, errors may arise from temperature differences and from 
the melting of the lower phase near the boundary. Furthermore, the dif¬ 
ference in aging may give rise to a difference in the rate of diffusion in the 
two phases. Since the liquid-gel system serves admirably as a means ol 
obtaining a sharp boundary between two phases, most investigators have 
taken advantage of this situation. In this case, however, the system is 
discontinuous, and precautions must be taken to insure that the interface 
does not form an obstruction to diffusional flow; also that swelling equi¬ 
librium is established. Kunitz 1 " has reported that in the case of gelatin 
in dilute buffer solution at the isoelectric point an equilibrium condition 
of swelling exists if the gelatin content is about 10%. 

Most of the experimental work on diffusion in gels has been carried out 
by methods of layer analysis but conductance and optical methods have 
also been employed. An indicator method has also been used 122 124 to 
follow the progress of a layer of given concentration along the diffusion 
column. This method, however, is unsuitable for accurate measurements. 


A. METHODS OF LAYER ANALYSIS 

The early work on diffusion in gels, dating back to Graham, 125 was car¬ 
ried out by methods of layer analysis. Oholm 126 employed the four-layer 
method which he had used extensively in the study of restricted diffusion 
in liquid systems. The method is unattractive, however, owing to the 
difficulties previously mentioned. In the method of Voigtlander, 127 the 
liquid-gel interface is utilized for formation of the boundary. Ihe dif- 
fusivity is determined from the amount of material diffusing from the 
liquid phase into the gel. This method was modified by Frick 128 in that the 
concentration distribution of material diffusing into the gel was determined 
by analysis of thin layers of the gel. 

In Frick’s method, the gel diffusion column is formed in a glass tube. 2 
to 3 cm. in diameter, which is closed at one end and ground flat on the other 


121 M. Kunitz, J. Gen. Physiol., 13, 565 (1930). 

»** W. Stiles. Proc. Roy. Soc. London, A103, 260 (1923). 

>» G. S. Adair, Biochem. J., 14, 762 (1920). 

124 E. J. Bigwood, Trans. Faraday Soc., 26, 704 (1930). 

T. Graham, Liebigs Ann., 121, 5, 29 (1862). 

,M L. W. Oholm, Medd. Velenskapsakad. Nobelinst., 2, No. 30, 1 (1913). 
in E. Voigtliinder, Z. physik. Chetn., 3, 316 (1889). 

128 R. Frick, Z. Elektrochem., 31, 430 (1925). 
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end. The liquefied gel solution is poured in until it projects above the 
end of the tube. After gelation has set in the excess gel is cut off flush 
with the end of the tube and this end is immersed in the liquid phase. 
The volume of liquid solution should be sufficient that the decrease in con¬ 
centration during an experiment is negligible. Gentle stirring of the liquid 
is advisable to maintain homogeneity, and the vessel should be enclosed to 
prevent evaporation. 

After sufficient diffusion has taken place, the column of gel is cut into 
slices for analysis. Frick devised a microtome type of slicer for this pur¬ 
pose. It consists of a micrometer screw attached to a plunger which slowly 
pushes the plug of gel out of the tube. Successive thin sections of meas¬ 
ured thickness are cut off with a thin knife or wire. In this method the 
gel must have sufficient rigidity to be handled and it must not adhere 
strongly to the glass surface. Agar gels, for instance, have sufficient ad¬ 
hesion to be held in place during diffusion but they can easily be pushed 
from the tube. Gelatin gels, on the other hand, adhere strongly. In this 
case. Frick applied a thin coating of cellulose acetate to the inner surface 
of the tube. This formed a thin skin which could be pushed out with the 
gel and removed before the slicing was performed. The slices should be 
cut as thin as possible (see page 570). The concentration of diffusate is 
determined as a function of the distance along the column, at a given time, 
and the diffusion coefficient then computed, as explained in Section II. 

Friedman and coworkers 12 * used a method similar in principle to that of 
Voigtlander for the study of diffusion in gelatin, agar, and cellulose acetate 
gels. In this method equal volumes of liquid and gel are used instead of a 
relatively large volume of the liquid phase. The arrangement permits the 
determination of the diffusion coefficient from changes in concentration in 
the homogeneous liquid solution. 

A 500-cc. glass jar, containing 200 cc. of gel at the bottom and 200 cc. of 
liquid in the upper layer, serves as the diffusion column. The diffusate is 
usually placed in the liquid phase and allowed to diffuse into the gel al¬ 
though the reverse procedure may be followed if so desired. The liquid 
phase is gently stirred to maintain homogeneity. If the gel does not adhere 
to the glass wall, the surface should be covered with a suitable coating. 
Friedman used Bakelite varnish satisfactorily to enhance the adhesion of 
agar gels. 

The theoretical treatment required for the computation of D by this 
method was developed by March and Weaver. 130 It is applicable only on 
the assumption that D is constant. The equation has the form: 


,w K. Klcmm and L. Friedman, J. Am. Chern. Soc., 54, 2637 (1932). 
'» II. W. March and W. Weaver, Rhys. Rev., 31, 1072 (1928). 
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_ 1 _ ^ 8 -(2n+l )*w'Dt/*l* (56) 

• V - 2 ^ (2n + 1)V 

in which i is the height of the gelatin column and V is the fraction of the 
total diffusate crossing the interface in time, I. In practice it is convenien 
to prepare a plot of the curve V vs. Dt/l'-. If the values of V, t, and l are 
known the diffusion coefficient can then be easily computed. If the samples 
taken for analysis are sufficiently small several measurements can be made 
during a single experiment. 

B. ELECTRICAL METHODS 

Electrical methods have received little attent ion for the study of diffusion 
in gels. The difficulties associated with the measurement of electrical 
properties of gel systems may have hindered developments in the field. 
In principle, the precision conductance method of Harned (see page 601) 
would seem applicable to the study of the diffusion of electrolytes in gels. 
A conductance method similar to that of Haskell (page 573) has been ap- 
plied ,3,, 132 to systems containing gelatin gels. In this method the difficul¬ 
ties ordinarily encountered in boundary formation in liquid systems arc 
largely eliminated. Laitinen and Kolthoff 133 have studied the diffusion of 
ions in gelatin and agar gels by the measurement of electrolytic current- 
time curves under suitable experimental conditions. 

c. OPTICAL METHODS 

So far as the author is aware, optical methods have not been used for 
the study of diffusion in gels, with the exception of the photometric method 
of Eversole. It appears, however, that refractometric and absorption 
methods would be applicable to gel systems of sufficient clarity. In the 
case of the liquid-gel systems only one side of the distribution curve would 
be obtainable by refractometric methods. 

The photometric method of Eversole was developed primarily for the 
study of diffusion in gels. It was used 134 - 135 to measure the diffusion of 
cupric ions in silica gels and methylene blue in gelatin gels. The procedure 
followed is the same as that described in Sect. III-2 -b except for the method 
of boundary formation. In this case the liquefied gel is introduced into 
the cell up to the desired level and allowed to set. The concentration of 

131 E. F. Ermolenko and S. Levina, Colloid J. U. S. S. R., 5, 483 (1939). 

133 M. S. Shulman and A. M. Karilshtadt, Colloid. J. U. S. S. R., 6, 379 (1940). 

133 H. A. Laitinen and I. M. Kolthoff, J. Am. Chern. Soc., 61, 3344 (1939). 

134 W. G. Eversole and E. W. Doughty, J. Rhys. Chcm., 40, 55 (1936). 

133 YV. G. Eversole and E. \\*. Doughty, J. Rhys. Chem., 41, 663 (1937). 
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diffusate in the liquid phase above the gel is maintained constant by a slow 
flow of the solution through the cell. Measurements arc made photomet • 
lically of the diffusion of solute from the liquid phase into the gel. 

D. STEADY-STATE METHOD (PATRICK AND ALLAN) 

Although the steady-state method of Clack (see page 608) is admirably 
suited to the study of diffusion in gels it has received little attention. The 
difficulties attendant on boundary formation in the steady-state method, as 
applied to liquids, are largely eliminated if a gel is used as the diffusion 
column. The steady-state method of Patrick and Allan 136 resembles that 



Fig. 35.—Steady-state diffusion apparatus for the study 
of gels (Patrick and Allan). 1 ** 

employed in the early work of Clack 137 in that it involves the assumption of 
a linear concentration gradient along the column. The method was used 
for the study of the diffusion of salts in silica gel. 

Patrick and Allan’s apparatus is shown schematically in figure 35. The 
gel disk is fastened by means of a rubber tube to the bottom of a cone- 
shaped reservoir containing the salt solution. The lower end of the disk 

IM W. A. Patrick and B. \V. Allan, J. Phys. Chctn., 38, 771 (1934). 

137 B. W. Clack, Proc. Phys. Soc. Lon/Inn, 33, 259 (1921). 
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,li„s into water contained in a beaker provided with two side arms. A slow 
a*... 0 f distilled water into the beaker is maintained in the manner illus¬ 
trated in the diagram. The dilute solution of diffused salt is collected in 
the overflow beaker. The theoretical treatment is discussed in Section 11. 

4. Diffusion of Electrolytes 

The driving force in the diffusion of electrolytes is the gradient of elec¬ 
trochemical potential, which includes the effects of the coulomb forces 
present in solutions of charged particles. The properties possessed by 
electrolytes have aided in the development of the theory. In fact, the 
theory of diffusion in liquids is relatively undeveloped at present except for 
the case of dilute electrolytic solutions. A relation between the diffusion 
coefficient at infinite dilution and the electrolytic properties of solutions 
was introduced by Nemst 1 * as early as 1888. Extensions and further de¬ 
velopments of the theory are discussed extensively by Hamed 139 in a recent 
review of the subject. 

The diffusion of ions is dependent not only upon the concentration gradi¬ 
ent but also upon the maintenance of electroneutrality in the system. Al¬ 
though the ions of a diffusing electrolyte may have entirely different mobili¬ 
ties, the interionic forces of attraction accelerate the slower moving ions 
and retard the faster ones so that the different species migrate at the same 
rate. This effect is pronounced in the case of charged colloids, such as 
certain dyes, the diffusivity of which may be increased several times by 
the accelerating effect of the counter ions. 140 Only when the electrical 
diffusion potential is zero do ions exhibit their normal rate of free diffusion. 
Hence, the diffusion of a particular ionic species cannot usually be deter¬ 
mined by the ordinary procedures. However, the normal rate may be ap¬ 
proached in the presence of a suitable “swamping” or “supporting” elec¬ 
trolyte. The ionic constituents of a compound need not diffuse at the 
same rate if the law of electroneutrality is satisfied by other ions present. 
A method is reported 133 - 141 whereby the diffusion coefficient of ions, in the 
presence of an indifferent ionized salt, can be determined by the measure¬ 
ment of electrolytic current-time curves under experimental conditions in 
which the measured current is due entirely to diffusion. 

Mixtures of electrolytes sometimes exhibit very striking diffusion phe¬ 
nomena. McBain and coworkers 142, 143 have found that in certain mixtures 

us w. Nernst, Z. physik. Chem., 2, 613 (1888). 

1M H. S. Harned, Chem. Revs., 40, 461 (1947). 

H0 G. S. Hartley and C. Robinson, Proc. Roy. Soc. London, A134, 23 (1031). 

141 H. A. Laitincn, Trans. Eleclrochem. Soc., 82, 289 (1942). 

1,1 J. W. McBain and C. R. Dawson,./. Am. Chem. Soc., 56, 52 (1934). 

1,3 J. R. Viuograd and J. \V. McBain, J. Am. Chem. Soc., 63, 233S (1911). 
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the diffusion of an ionic species may be almost completely stopped or that 
of even fast-moving ions such as hydrogen speeded up beyond their normal 
rate of free diffusion. The diffusivity may depend upon whether the ions 
are diffusing with, through, or against other ions. McBain and Liu" 4 
have found that the diffusion of electrolytes may even be influenced by the 
presence of nonelectrolytes, c. g. t hydrochloric acid in aqueous dextrose 
solution. 


IV. CALCULATION OF PARTICLE SIZES 


A relation between diffusivity and particle size is given by the Stokes- 
Einstein 145 equation: 


D 


RT 1 

N Gt rrjr 



in which D = the diffusion coefficient in cm. 2 per sec., It = the gas con¬ 
stant, 8.31 X 10 7 ergs per degree per mole, T = abso'ute temperature, N = 
Avogadro’s constant, 6.02 X 10 23 , v = the coefficient of viscosity in poises, 
and r = the radius of the particle in cm. This equation is derived on the 
premise that D is a constant, that osmotic pressure is the impelling force of 
diffusion, that the van’t Hoff equation, P = cRT, is obeyed, and that 
Stokes’ law is applicable to the movement of the particles. It therefore 
involves the assumptions that the concentration of particles is low, and that 
the particles are spherical, electrically neutral, and large compared with 
those of the solvent. 

Since equation (57) is based on osmotic theory it would be expected to 
hold only for dilute solutions, or at infinite dilution in the ideal case. This 
point has been tested experimentally in a number of cases." 6 However, if 
the activity coefficient, y , is known, a correction for the concentration ef¬ 
fect may be made by means of the thermodynamic factor, 1 + c(d In y/dc). 

As mentioned in the previous section, if the particles are not electrically 
neutral, values of D approaching those for normal diffusion can be obtained 
if the electrical diffusion potential is reduced by the addition of supporting 
electrolyte. If the particles are not relatively large, the medium through 
which they diffuse is not effectively continuous and, therefore, Stokes’ law 
is not obeyed. The results of Friedman and Carpenter" 6 on dilute solu¬ 
tions of glucose indicate that the equation may hold for substances of 
molecular weight as low as 180. Under favorable conditions, an accuracy 


" 4 J. W. McBain and T. H. Liu, J. Am. Chem. Soc., 53, 59 (1931). 

,u A. Einstein, Ann. Physik, 17, 549 (1905). 

L. Friedman and P. G. Carpenter, J. Am. Chem. Soc., 61, 1745 (1939). 
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of 5% may be expected in the determination of particle size from the 

^ 1 Eyring"” 16 /rom* his theory of liquids and absolute reaction ratio, has 
developed the relation: 

BT Ju (58) 

Nr, X,X, 

to apply to systems in which the molecules are of similar size. In this 
equation, X. is the distance between two layers of molecules sliding past 
each other, X, is the distance between molecules in the direction of flow, 
and X* is the distance between molecules normal to the direction of flow. 
The equation embodies the concept that diffusivity is a function of the 
volume and shape of the particle rather than of its mass. 

Although equation (57) is applicable only to spherical particles, it may 
be used in conjunction with other information to obtain values for the 
molecular weight of unsymmetrical particles (see Chapter XIII). The 
molecular weight, M, of nonspherical particles may be determined from 
combined measurements of sedimentation and diffusion by the equation: 

M m 

M D( 1 - Vp) 


where s is the sedimentation constant, V is the partial specific volume of 
the solute, and p is the density of the solvent. In this equation, the as¬ 
sumption is made that the frictional coefficients for sedimentation and dif¬ 
fusion are the same. This may not always be the case, however, since 
small differences have been found, in which the coefficient for sedimenta¬ 
tion is lower than that for diffusion.'«’•* 50 The differences were believed 
to be due to a preferred orientation of particles in the centrifugal field, but 
the work of Singer 1500 indicates that, generally, this effect is extremely small. 

As a means of applying a correction for the frictional effect in molecular 
dissymmetry, Svedberg 151 introduced the equation: 

D l _ RT - (60) 

fo QinirN 

in which / is the experimental molar frictional constant and /<> is the fric¬ 
tional constant for a spherical particle of the same mass. By substituting 


»« H. Eyring, J. Chem. Phys., 4, 283 (1936). 

148 T. Svedberg, Z. phyxik. Chem., 127, 51 (1927). 

H8 L. Friedman and B. R. Rav, J. Phys. Chem., 46, 1140 (1942). 

,M C. O. Beckmann and Q. Landis, J. Am. Chem. Soc., 61, 1495 (1939). 
,s0 ’' S. Singer, J. Polymer Set., 2, 290 (1947). 

151 T. Svedberg, Proc. Roy. Soc. London. B127. 1 (1939). 
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for r in terms of V and M, equation (GO) may l»e written: 


M = — 

:n\v- 



(01) 


Thus, if the dissymmetry constant,///o, can be determined, the molecular 
weight of nonspherical molecules can he obtained, since all other terms in 
equation (Gl) can be evaluated. 

The evaluation of the axial ratio of the particles offers a method of ap¬ 
proach to the determination of the dissymmetry constant. For instance, 
if the axial ratio is known, the dissymmetry constant can be calculated for 
prolate and oblate spheroids by the equations of Perrin 152 and Herzog cl 
o/. 153 A relation between the axial ratio and viscosity of elongated parti¬ 
cles is given in the empirical equation of Poison: 154 

(%/*) - 1 - 4G + 0.098(6/a) 2 (G2) 

in which ij,/ij 0 is the relative viscosity of the solution, G is the fraction of 
the volume occupied by the solute, and 6/a is the ratio of the long axis to 
the short axis. A theoretical treatment of the effect of shape by Simha 155 
leads to a similar though more complicated relation. Values of 6/a ob¬ 
tained in this manner for a number of proteins have been found to agree 
very well with values obtained by means of the ultracentrifuge. Thus, in 
certain cases, the molecular weight of nonspherical particles can be ob¬ 
tained from combined viscosity and diffusion measurements. 

In the above treatment, the possibility of solvation was not taken into 
consideration. Svedberg 148 has pointed out that the solvation effect should 
be compensated for in equation (60) from the manner in which it enters 
into both / and D. The effect is probably of much less importance than 
that of particle shape just discussed. 14 *- 147 The various empirical equa¬ 
tions 148, 159 which have been deduced, relating solution viscosity or osmotic 
pressure to degree of solvation, on the assumption that the shape effect is 
negligible cannot be expected to hold for unsymmetrical particles. On the 
other hand, the treatment of molecular dissymmetry, on the assumption 
that solvation is negligible, is fairly adequate. 


,6J F. Perrin, J. phiys. radium, 7, 1 (1936). 

R. O. Herzog, R. Illig, and H. Kudar, Z. physik. Chem., A157, 329 (1933). 

'*• A. Poison, Kolloid-Z .. 88, 51 (1939). 

«“ It. Simha, J. Phys. Chem., 44, 25 (1910). 

M. A. LaufFer, Chem. Itevs., 31, 561 (1942). 

147 It. Simha, J. Applied Phya., 13, 147 (1942). 

,5> M. Kunitz, M. L. Anson, ami J. II. Northrup, J. Gen. Physiol., 17, 365 (1934). 
,w G. V. Schulz, Z. physik. Chem., A158, 237 (1932). 
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I. INTRODUCTION 


The development and the refinement of the ultracentrifuge by Svedberg 
and his associates at Uppsala, 1 from its modest beginnings at the University 
of Wisconsin in 1923, 2 have provided a group of methods for determining 
particle size, molecular weights, and distribution of size which have grown 
to be the most reliable and adaptable of techniques for investigating the 
dispersity of colloidal solutions and of organic macromolecules such as the 
proteins and viruses in solution. 

With the rapid development during the past ten years of the field of 
industrial high polymers realization has grown that the minimum needs 
for characterization are: (J) the average molecular weight, ( 2 ) an estimate 
of the molecular weight distribution, and (3) an idea of the configuration 
of the molecules as affected by their chemical compositions and by the 
nature of the solvent. The ultracentrifuge methods have already proved 

1 A comprehensive review of the development and application of ultracentrifugal 
equipment and methods up to 1940 has been made available in The UUracerUrifuge, 
by T. Svedberg and K. O. Pedersen, in cooperation with J. H. Bauer and E. G. Pickels, 
G. Boestad, E. O. Kraemer and J. B. Nichols, O. Lamm, A. S. McFarlane, and R. Signer, 
Clarendon Press, Oxford, 1940. A complete bibliography of the literature relating to 
the construction and applications of ultracentrifuges is given through 1939. 

* T. Svedberg and J. B. Nichols, J. Am. Chcm. Soc., 45, 2910 (1923). 
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cell, containing the s ° lut,0n ° r *“^ ce a cen trifugal force from 500 to 400,- 
driven at a speedsufficien P in concen tration taking place in the 

“Ltx- ja -sax -3 £ 

distribution of sizes present conveniently. Most protons have been found 
to be uniform in molecular weight or to contain only a few separate com¬ 
ponents and to have nearly spherical shape. However, in t he other fieids 
of natural and synthetic high polymers, the molecules are usually found 
be both nonuniform in size and highly elongated m shape. 

By ultracentrifuge methods we mean sedimentation velocity, allowing t 
determination of sedimentation constants, and sedimentation egmltbrium 
between sedimentation and diffusion, which is one of the few absolute 
methods for obtaining molecular weights. The sedimentation-equilibrium 
centrifuge can give reliable information on the weight average molecular 
weight and the distribution of molecular weights. The high-speed sedi¬ 
mentation-velocity centrifuge enables us to detect a gel fraction with assur¬ 
ance and theoretically gives the most complete information on the size 
distribution and considerable information on the shape of the particles in 
solution. Actually, the elongated character of most high-polymer mole¬ 
cules except the proteins has heretofore made it rather difficult to obtain 
reliable distribution information from the sedimentation velocity. The 
progress made at SVedberg’s laboratory during the war years, especially 
by Gral6n and Jullander, will be discussed later (page 633). 

The sedimentation-equilibrium, the osmotic-pressure, and the light¬ 
scattering methods all give absolute values of molecular weights if extra¬ 
polated to zero concentration. However, the last two can give little or no 
information on the distribution of sizes. The osmotic method gives very 
qualitative information on shape and is insensitive for high molecular 
weights. On the other hand, the light-scattering method gives a good esti¬ 
mate of shape in solution from the angular dissymmetry of scattering but 
3 A. Einstein, Ann. Physik, 17, 549 (1905). 
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is insensitive for small molecular weights. Lower concentrations can in 
general be studied with the centrifuge methods, and they are more flexible, 
since, by the choice of experimental conditions and technique of measure¬ 
ment, cither the large or the small end of the distribution curve may be em¬ 
phasized. 

For both the equilibrium and the velocity types the basic requirements 
arc for convection-free, vibrationless operation to prevent disturbances in 
the sedimenting system and to insure sharp pictures. The cells must be 
well enough constructed to withstand pressures up to several hundred at¬ 
mospheres at the top centrifugal-force of 400,000 times that of gravity. The 
substance must undergo no deterioration during centrifuging. Other re¬ 
quirements which must be met to insure proper sensitivity of measurement 
are: (/) the solute should be at least 0.1 unit different in refractive index 
and density from the solvent or possess a suitable absorption band for 
colorimetric estimation of concentration changes; (2) the solvent should 
be not much more viscous than water; and ( 3 ) the solute should be soluble 
between 0° and 50° C. 

A polymer such as a nylon, polyhcxamethylcnc adipamidc, which docs not 
meet requirement (/), is therefore very difficult to handle. Trouble may 
be experienced with active solvents in which there is a compound formation 
as in the cellulose-cuprammonium solvent system, polyvinyl chloride and 
cyclohexanone, and probably polyhexamethylene adipamide and formic 
acid. Protection against oxidative degradation of unstable material must 
also be considered. For example, the viscosity of a lightly milled rubber 
decreased to two thirds of its original value after two weeks’ centrifuging 
with no stabilizer present. Mixed solvents give uncertain results if one 
of the components combines with the polymer. A nylon in phenol- 
chloroform or in dichloroacetic acid-chloroform gave widely different re¬ 
sults. 4 

In the following sections the theory of each method will be outlined, 
with special attention to developments more recent than those given in 
The Ultracentrifuge. 1 Next the apparatus will be described: (7) the low- 
speed ultracentrifuge which is used for the determination of distribution 
curves of colloidal material; (2) the high-speed sedimentation-velocity 
apparatus—both oil turbine and air-driven—for determination of sedi¬ 
mentation constants of organic macromolecules; (3) the equilibrium ultra- 
centrifuge for molecular weights down to the order of a few thousand; and 
(/,) the preparative air-driven centrifuge for the isolation and purification 
of such high-molecular material as the viruses. The method of carrying 
out measurements will be outlined for each and the particular field of use 

4 J. B. Nichols, in J. Alexander, Colloid Chemistry. Vol. VI, Itcinhold, New York, 
l'MG, p. 1077. 
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Will be sketched with illustrative examples of investigations which have 
been carried out. 


II. THEORETICAL 


The motion of a particle in a centrifugal field is defined by the eentnf gal 
potential, the chemical potential, and the frictional res.stancc xs th nch 
the particle opposes motion. In experimental work eondifaon. are chosen 
so that the centrifugal potential is equated with either the c em.cal pote ^ 
tial—sedimentation equilibrium-or with the fnctional re^tence-sed^ 
mentation velocity. When either of these conditions obtains.possible 
to derive simple expressions involving the experimental parameters and 

the molecular weight or particle size. , 

In deriving the expressions it is assumed that the experimental conditions 
are such that the motion of the particle is not influenced by convection oi 
electrostatic fields resulting from ionic separation. In the modern ultra- 
centrifuges temperature control has been refined to the point where convec¬ 
tion does not occur at useful values of concentration, and electrostatic 
potentials can be reduced to a negligible value by proper buffering Ultra¬ 
centrifugal analysis, therefore, represents one of the few basic methods foi 
the determination of the absolute value of molecular weight or particle 


In the derivation of the expressions used for calculating molecular weight 
it is assumed implicitly that the laws of dilute solution hold. Since many 
colloidal materials of major interest do not form ideal solutions at usable 
concentrations, much of the recent theoretical work dealing with molecular- 
weight analysis has been directed toward developing methods for extrapo¬ 
lating values obtained at finite concentration to values which are valid 
at infinite dilution. Extrapolation is particularly difficult in the case of 
polydisperse materials where more than one parameter must be considered. 
In view of the many excellent treatments of the theory available for ideal 
solutions (see page 729 for literature) the major emphasis in the present 
section will be given to the work which has been devoted to the analysis of 
long-chain polymers. 


1. Sedimentation Velocity 

A. MONODISPERSE SYSTEMS 

The centrifugal force acting on a particle is AIV(l/V — p)u 2 x or 21/(1 — 
Vp)u 2 x where M is the molecular weight of the particle, V is the partial 
specific Volume of the particle, p the density of solvent, w the angular veloc¬ 
ity of centrifuge rotor, and x the distance of the particle from the center of 
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rotation. In this expression MV is the molar volume, \/V is the equivalent 
density of the particle, and (1/V) — p the effective density of the particle, 
while is the centrifugal acceleration. In analyses by sedimentation 
velocity, the centrifugal acceleration is made large enough that diffusion 
may be neglected. When this is true the centrifugal force may be equated 
to the frictional force with the result shown in equation (1): 

M(\ — Vp)u> 2 x = f{dx/dt) ( 1 ) 

where / is the frictional coefficient. The sedimentation constant, a , of the 
particle has been defined by Svedberg* as: 

dx/dt 

n _ ' /r\\ 


Using this expression for s, equation (1) becomes: 


M = fs/( 1 - Vp) (3) 

The molar frictional coefficient corresponding to a spherical molecule 
where no solvation has occurred is given by: 

' - - mr 

When these assumptions are fulfilled, the molecular weight can be calculated 
from equations (3) and (4). It is usually not possible to be certain that 
(4) is justified, however, and it is customary to evaluate / from diffusion 
measurements (Chapter XII, Sect. IV), since: 

/ = RT/D (5) 

The usual expression for calculating the molecular weight results: 

M = RTs/D( 1 - Vp) (6) 

where D is the diffusion constant, R the gas constant (83.2 X 10 6 ), and T 
the absolute temperature. 

In evaluating s it is customary to measure the position of the boundary 
between solution and solvent at regular time intervals during the sedi¬ 
mentation. Figure la shows a typical sedimentation diagram for the 
monodisperse system, carbon monoxide hemoglobin in buffer solution. 6 
The sedimentation boundary is taken as the point where the concentration 
is half the value found in the cell below the point at which the concentra¬ 
tion is constant with distance (Fig. lb). Diffusion causes the boundary 
blurring. 


6 T. Svedberg and K. O. Pedersen, loc. tit. 

8 T. Svedberg and J. 13. Nichols, J. Am, Chem. Roc., 49, 2930 (1927). Figure la 
courtesy Physics, 1, 261 (1931), 
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Fie. la.—Sedimenting carbon monoxide hemoglobin at pH 7.o6. 
Centrifugal force 115,000 times gravity. Concentration scale at 
top.* 



Fig. lb.—Concentration-distance curves corrected by equation (7).* 


The value of the concentration below the boundary decreases with time 
due to the fact that the centrifugal field varies linearly with distance and 
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is radial in character. It may Ik* shown that the* concentration in the part 
of the cell below the boundary has the value at the time /: 


c, = c 0 (t 0 /x,) 2 ( 7 ) 

where c, is the concentration at the time l, r„ the initial concentration, x n the 
distance of the meniscus of the solution from the center of rotation, and 
x, the distance of the boundary from the center of rotation at the time t. 
The boundary is therefore determined by c ,/2 rather than c 0 / 2. 

Since s is evaluated from the positions of the boundary at different times equa¬ 
tion (2) is integrated to the form: 


or approximately: 


In (Xj/xt) 
- h) 


2(x t - x t ) 
w 2 (a- 2 + xi)(t 2 - h) 


( 8 ) 

(9) 


where Xi is the position of the boundary at the time t h and x 2 the position at the 
time t 2 . 

Examination of the expression for sedimentation constant (Eq. 2) shows 
that s is a function of the condition obtaining during the measurement as 
well as of the molecular nature of the material studied. The constant s is 
defined in this way because possible variations in configuration, solvation, 
and the like, makes it difficult to be more explicit with a measurement of 
the sedimentation velocity alone. While s can be used in conjunction with 
other measurements to evaluate the molecular weight, it is a useful param¬ 
eter by itself to describe the conditions in a particular solute-solvent 
system. To reduce the measured values of sedimentation constant, s„ to a 
common basis it is customary to use the value sj 0 which is calculated from 
the measured value in the manner indicated by equation (10): 



where rj, = viscosity of the solvent at temperature t, rjl 0 = viscosity at 20° 
C. of the reference solvent, V, = partial specific volume at temperature 
t, V 20 = partial specific volume at 20° in the reference medium, p, = solvent 
density at temperature t f and p^ 0 = density of comparison solvent at 20° C. 

It has been proposed that the unit for sedimentation constant be called 
the svedberg. The quantity has the dimensions of time; one svedberg is 
10 -13 centimeter per second per dyne. 
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This method of standardizing the value of the sechmentation constant is 
satisfactory when there is no marked concentrate ^pendence. When 
the sedimentation constant is dependent on the concentrate, a value cor 
responding to infinite dilution must be obtained by cxtrapo atmm Smce 
the solute-solvent relationship is much more complex ' m<ler thes ^ co j 
tions, S ; does not have its former sigmficance. Krone andMJichob 
have suggested that the intrinsic sedimenUtion constant [s] defined as. 

[«] = V.V, «/( 1 - P ‘> (11) 

be used where extrapolation must be made. The quantity has the units 
of a reciprocal frictional resistance coefficient and the derived value at 
infinite dilution is denoted by [s]o- 


n. POLYDISPERSE SYSTEMS 

In the simplest of the polydisperse systems where the particles are well 
defined and larger than a few millimicrons, perfectly general particle size 
distributions may be determined by the sedimentation-velocity method. 
Under these conditions the equation relating the centrifugal force and the 
frictional resistance is: 

»*x( 4 /l*r*)(* - Pm) = 6inir( dx/dt) 
which after integration and collecting terms becomes: 

9q In (xt/xi) T 7 * 

2w , (p p - p„)(!t “ fi)J 

as Svedbcrg and Nichols 8 have shown. In equations (12) and (13), r is the 
radius of the particle (assumed spherical), (p„ — pm) the difference in den¬ 
sity between particle and medium, w the angular velocity of the centrifuge 
rotor, and X\ and x 2 the distances from the center of rotation of a particle 
of radius r at times t\ and W measured from the start of the sedimentation. 
The starting time of the sedimentation is always known accurately at least 
for the low-speed centrifuges (one-half the time required to reach full 
speed), and it is permissible to write: 

9i? In ( x / xq ) 1 V * ( 14 ) 

2a> 2 (Pr - Pm)d 

where x — x 0 is the distance a particle of radius r will settle in the time t, 
and x Q is the distance of the meniscus of the solution from the center of ro¬ 
tation. 

7 T. Svcdberg and K. O. Pedersen, loc. tit., p. 425. 

8 T. Svcdberg and J. B. Nichols, J. Am. Chan. Roc., 45, 2910 (1923). 




( 12 ) 

(13) 
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Figure 2 shows an illustrative sedimentation diagram in which concen¬ 
tration is plotted asa function of the distance from the center of rotation for 
a hypothetical particle size distribution. A particle of radius r (Kq. 14) 
will have sedimented from the meniscus x n to a position x at the time t. 

The concentration of particles smaller than r will be: 

Jo' (xo/xy 0 dc/dr)dr ( \ f>) 

at position x r because of the dilution effect, and the concentration of this 
part of the distribution will be constant from x r to the end of the cell. 
Consequently the increase in concentration which occurs between x and 
x r -f Ax is due solely to particles whose radii lie between r and r -f Ar. 
Furthermore, the increment in concentration, Ac,, is related to the incre¬ 
ment in the initial distribution by the relation: 

Ac 0 = (x/x 0 ) 2 Ac. (15a) 

The ordinate of the differential distribution cnrrcs|x>nding to a radius value r n 
will he Aco/ Sr. The complete distribution can l>e derived by continuing the 
analysis over the full diagram. The calculation can be carried out quite rapidly 
with the aid of standard tabulation charts as descril>cd on page 677. The method 
can he further expedited by the use of multiple-place rotors in the low-speed centri¬ 
fuges (page 656). When both of these measures have been taken, the velocity 
method is probably the most rigorous and rapid means available for determining 
particle size distribution. 

The concentrations are usually measured by the light-absorption method 
when the particles fall in the larger size ranges and the concentration curves 
are usually distorted because of the variation of absorption with particle 
size. However, it is possible, though laborious, to derive relationships be¬ 
tween absorption and particle size for any system encountered. 9 The rela- 
I ionship between absorption and radius for any purely scattering system 
is given by Bade}'. 10 For systems where the true absorption is much 
reater than the absorption by scattering, the relation: 

Mr) = K/r • (16) 

is sufficiently accurate. In equation (16) A(r) is the relative absorption 
(or particles of radius r. In correcting the differential distribution each 
ordinate is divided by the appropriate value of the absorption function. 
The area of the distribution is then adjusted to unity and represents the 
true distribution of sizes. 

9 T. Svedberg and K. O. Pedersen, loc. cil., p. 325. 

10 E. D. Bailey, Ind. Eng. Chem., Anal. Ed., 18, 365 (1946). 
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C. NONIDEAL SYSTEMS 

• +u» rwilvdisnerse macromolecular systems is of the 

1 h \ tin nolvmer type These systems are invariably concentration de- 

nTndett at all usable concentrations and lack the unique correspondence 

P d rmontntion velocity and particle size which characterized the 

01 SSSS'’SSL ™ E ht from «di„„n..U« velocity Wove, 
are made under the assumption that each molecule assumes a1 possible 
orientations during sedimentation and that the value of I/d parallels molec¬ 
ular weight in the distributions. The experimental evidence so far avail¬ 
able indicates that these assumptions are reasonably justified 

The parallelism of///, with molecular weight is shown in table I. Since 
it is usually the practice to determine the osmotic pressure as well as the 
sedimentation velocity and diffusion constant, it is probable that la.ge 
errors do not occur. There is no doubt, however, that the degree of gene, - 
ality of the distributions is much less in concentration-dependent systems 

than in simple systems. . , lA .. ... 

The distribution of sedimentation velocities is calculated in much 
same way as in the particle size distribution analysis of simple systems. 
The chief difference is occasioned by the use of the refractive-mdex tech¬ 
nique for recording the concentration gradients instead of the absorption 
method for recording concentration. In the scale method developed by 
Lamm 11 the displacement, Z, of a scale line is related to the concentration 
gradient, as shown in the following equation: 


^ . dn _ t dndc „ dc 
Gab — = Gab — y = K — 
dx dc dx dx 


(17) 


where G is the magnification of the camera, a is the scale-cell separation, 
b is the cell thickness, and dn/dc the rate of change of refractive index with 
concentration at the concentration of the experiment. Since dn/dc is 
usually constant with both molecular weight and concentration in dilute 
systems, Z may be considered proportional to dc/dx } the concentration 
gradient. 

» O. Lamm, Z. physik. Chem., A138, 313 (1928); A143, 177 (1929). 
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Figure 2 shows a comparison of the diagrams obtained with the absorp¬ 
tion and scale methods. When equation (17) holds, curve B is the deriva¬ 
tive of curve A. The horizontal scale of curve B can be converted from 
units of distance, x, to units of sedimentation constant, s, by means of 
equation (8) in the same way that the r scale was derived from the x scale 
through the use of equation (14). The vertical scale may be converted 



Fig. 2.—Optical methods of observation: top, light-absorption method, 
c,x curve; bottom, scale method, Z,x or ( dc t /dx ), x curve. 

from dcjdx to dcjds by multiplying the former by dx/ds; dx/ds is ob¬ 
tained by differentiating equation (8) and has the form: 

y = w 2 x(f - to) (18) 

as 

where to is the time the sedimentation started. 

The ordinate of the distribution of sedimentation velocities is then ob¬ 
tained by applying the dilution correction of equation (15). The relation- 
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ship between Z, the scale-line displacement, and dc»/ds, the ordinate of the 
distribution of sedimentation velocities, is given by: 

*5 =_*- (*-)' (19) 

ds Gab ( dn/dc) \xj 

In actual practice the force varies so little with distance that the ap¬ 
proximate formula shown in (9) can be used with negligible error to convert 

x to s. 


Signer and Gross 1 * have given the formula: 



( 20 ) 

( 21 ) 


where the parameters x u h lt and h, correspond to a convenient reference time, 
#,• x hi ti, the parameters at the time of measurement, U\ Xo is the distance oi tnc 
meniscus from the center of rotation; and h is the ordinate of the diagram. Using 
these formulas a composite curve of dcjdx against x is constructed from the experi¬ 
mental curves corresponding to a series of time intervals during the experiment. 
The composite curve is then converted to the distribution of sedimentation veloci¬ 
ties through equation (9). This method of analysis somewhat simplifies the work 
of assigning the value to A>, the time sedimentation started. The exact value of o 
cannot be measured directly because an appreciable time is required to bring the 
rotor to final speed. The uncertainty is minimized by the convection which occurs 
during the acceleration of the rotor but the exact value must always be obtained by 
extrapolation. 

The distribution of sedimentation velocities obtained from a single ex¬ 
periment is a function of the concentration as well as the molecular proper¬ 
ties of the solute. Since the distribution of molecular weights can only be 
calculated from the distribution of sedimentation velocities which corre¬ 
sponds to infinite dilution, an extrapolation procedure must be used. 
Jullander 13 has shown that the extrapolation may be carried out by re¬ 
sorting to a distribution function. The parameters of the distribution func¬ 
tion are determined from experimental distributions of sedimentation 
velocity at a series of concentration levels and each parameter is extrapo¬ 
lated to infinite dilution separately. 

The distribution function which Jullander has chosen is shown in equa¬ 
tions (22): 


13 R. Signer and H. Gross, Helv. Chim. Acta, 17, 726 (1934). 

» I. Jullander, “Studies on Nitrocellulose, Including the Osmotic Balance,” Disserta¬ 
tion. Uppsala, 1945; published in Arkiv Kemi Mineral. Geol., A21, No. 8, 18 (1945). 
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= Cc — 


( 22 n) 


y = 1 In i ( 

7. A V 


+ A 


( 22 b) 


C = 


Sr 7.A 




(22(0 


In these equations y, and K are parameters defining the skew and nonuni¬ 
formity of the distribution and s T is the abscissa value corresponding to 
the maximum ordinate C. Equation (22c) gives the value of C that makes 
the area under the distribution function unity. This function reduces to 
the familiar form used by Lansing and Kraemer * 1 when K is unity. Gralen ,& 
in his work used the latter function. The three-parameter function is pro¬ 
bably better suited to distribution analysis in view of the changes in curve 
shape which take place in the extrapolation procedure. 

The parameters are fitted to the experimental curve by making the modal 
or maximum ordinate, the abscissa value corresponding to the modal ordin¬ 
ate, and the skewness of the parametric function and experimental curve 
agree. s T , the abscissa value of the mode, and the modal ordinate, C, may 
be read directly from the experimental curve, but the determination of y„ 
is more involved. The skewness, X, has been defined by Jullander 10 as: 


x "(Z >/r»- 


where the numerator is the area under the distribution curve for values of 
s greater than s T , the abscissa value of the modal ordinate, and the de¬ 
nominator is the area under the curve for s values smaller than s T . X 
takes the following form when written in terms of the parametric equation: 


/;■- 

xr«- 


and therefore may be easily related to y a by means of the probability tables. 
Jullander has plotted this relationship 

Since X is a function of 7 , alone, y t may be evaluated by carrying out the 

14 W. D. Lansing and E. O. Kraemer, J. Am. Chem. Soc., 57, 1369 (1935). 

16 N. Graten, "Sedimentation and Diffusion Measurements on Cellulose and Cellulose 
Derivatives,” Dissertation , Uppsala, 1944, p. 17. 

14 1. Jullander, loc. cit., p. 32. 
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nncration indicated by equation (23) on the experimental curve. When the 
1 m( | er the distribution of sedimentation velocities is unity, substitu- 
Hon of the values of C, s r and y a into equation (22c) enables the calcula- 
finn of the nonuniformity K of the distribution. The distribution of sedi¬ 
mentation velocities is then constructed from the extrapolated values of 

th Qral6n 17 has shown that the value of Cs T can be obtained from the sedi¬ 
mentation diagram without constructing the distribution of sedimentation 
velocities at each concentration. In this procedure the sed mentation dia- 
rams corresponding to different sedimentation times are adjusted to unit 
area and the value of the ordinate and the corresponding x read from the 
adjusted curves. 

Graldn has shown that if one defines B as: 

B = A/H ( 25 ) 

where A is the area of the sedimentation diagram and II the value of the 
maximum ordinate: 

dB/dx = 1 /Ca r (26) 

Jullander has shown that this is also true for the three-parameter func¬ 
tion. B falls at different values of x when the time of sedimentation varies. 
Jullander extrapolated values of dB/dx and X, determined directly from 
the sedimentation diagrams rather than using the derived values for 7 * 

From the experimental evidence so far available, reasonably good ex¬ 
trapolated values for 7 s and K may be obtained by direct plots of dB/dx 
and X against c. In the case of s r , however, the extrapolation is more dif¬ 
ficult since in some cases this parameter approaches the zero ordinate al¬ 
most asymptotically. In these cases Gral6n made use of a theoretical ex¬ 
pression derived by Burgers 18 for spherical molecules in which s T at the 
finite concentration c was shown to be related to the value at infinite dilu¬ 
tion So by the expression: 

s r = so/( 1 4- Kfi) (27) 

Gral6n, therefore, in his extrapolation plotted s T against cs T • Here, K, is 
an arbitrary constant. Jullander, 10 however, has shown that this type of 
plot often leads to a nonlinear relation. He plotted both s T and s T i), t the 
product of the relative viscosity and against the concentration. Since 

w N. Graten, loc. tit., p. 19. 102. 

is J. M. Burgere, Proc. Koninkl. Nederland. Akad. Wetenschap., 44, 1045, 1177 0 941); 
45, 9, 26 (1942). 

I. Jullander, loc. cit., p. 65. See also J. Polymer Sci., 3, 631 (1948). 
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both should approach the same limit at the limiting value of infinite dilu¬ 
tion, this procedure enables an easier extrapolation of the curves. The 
work of Jullander would seem to indicate the necessity for carrying out the 
measurements to the lowest concentration possible and plotting the data in 
the manner that gives the smallest departure from linearity. 

Figure 3 shows graphically the way in which the distribution of sedimen¬ 
tation velocity varies with concentration. The curves at the finite concen¬ 
tration levels shown were derived as indicated above from the sedimenta¬ 
tion diagram while the curve corresponding to infinite dilution was plotted 



Fig. 3.—Extrapolation of sedimentation diagram to zero concentration. 

Jutlander's FK6 cellulose nitrutc. 

by inserting the extrapolated parameters in the distribution function given 
in equation (22). 

A molecular-weight distribution dan be calculated from the distribution 
of sedimentation velocities if D, the diffusion constant, is known as a func¬ 
tion of either the molecular weight or the sedimentation velocity. Kuhn 
and Kuhn 20 have shown on theoretical grounds that when the l/d ratio of a 
molecule becomes very large: 

D = K d /s (28) 

where 1) is the diffusion constant, s the sedimentation constant, and K D an 


*° \V. Kuhn and II. Kuhn, llelv. Chim. Acta, 26, 13!)1 (11)43). 
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arbitrary constant. When this equation is combined with equation (6) 
an expression involving s and M is obtained: 

M = RTs'-/K D ( 1 - Vp) (29) 

The theoretical value of the power of s in equation (29) when thei mole- 
cules are spherical is 1.5, so that it would seem that equation (29) is reason 
able whenever high degrees of l/d are involved. Experimental determina¬ 
tion of the exponent of equation (28) has led to highly ^rgent results, 
however, and much further work will be required to establish the i elation. 



Fig. 4.—Relation between aedi- Fig. 5.—Comparison between moloc- 

menUtion constant, a, and molccu- ular weight distribution curves for 

lar weight, A/, at different concen- Jullanders cellulose nitrate FKO cal- 

trations, c (grams per hundred eulated: (a) Mosimann's data (Fig. 

milliliters), for Mosimann’s cellulose 4) and extrapolated curve (Fig. 3); 

nitrate in acetone.** (&) Jullander’s s* assumption, M n , and 

figure 3. 


The s scale can be transformed directly and the ordinates converted by 
means of the relation: 

dc _ dc ds^ _ K d ( 1 — Vp) dc /jq) 

dM ~ dsdM “ 2 RTs ds 

The distribution contains the arbitrary constant K D which must be elimi¬ 
nated by the independent determination of the molecular weight. For this 
purpose osmotic pressure measurements arc preferably used. In eliminat¬ 
ing K d with a number average molecular weight to obtain the distribution 
curve in figure 5, the M n value defined as: 
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r i « 

i: « 


(3D 


is used. The sedimentation-velocity distribution may also be calculated 
directly if the relationship of s and M has been determined from a series 
of fractions of known molecular weight. Mosimann 21 has determined 
such a relation for nitrocellulose. The relationship is shown graphically 
in figure 4. The curve in this figure shows s as a function of M for different 
concentration levels. It is interesting to note the loss of resolving power 
at the higher concentration levels. 

When in figure 4 a curve corresponding to infinite dilution is used with 
the extrapolated form of the distribution of sedimentation velocities shown 
in figure 3, the molecular-weight distribution shown in figure 5 is obtained. 
The agreement indicates that the relation between I) and s in equation 

(30) is reliable at least in the range of l/d values of the nitrocellulose 
samples examined. Since the method illustrated in equations (30) and 

(31) is relatively simple to carry out, it is the preferable one unless a large 
number of samples of similar type arc to be studied. 

A complete distribution analysis and an average molecular weight and nonuni¬ 
formity coefficient can be calculated with somewhat less effort. In his analysis 
Gral6n ,s derived a weight average value of the diffusion constant and combined 
this with the weight average sedimentation constant in equation (6) to calculate 
an average molecular weight: 

A/„.„ = RTsJ( 1 - Vp)D„ (32) 

The average M is not the same as M * nor does it have the same absolute signifi¬ 
cance 22 but it docs serve to compare different molecular types and is much easier to 
obtain than a complete distribution. Gral^n has shown also that a parameter 
indicative of the polydispersity may be obtained fairly easily. 


D. SHAPE FACTORS 

The frictional resistance coefficient is strongly dependent on the shape 
of the molecular particle. As long as the diffusion constant and the sedi¬ 
mentation constant are determined under the same conditions this will not 
affect the molecular weight since theoretical studies by Singer 23 have shown 
that orienting effects in the centrifugal field are negligible. The variation 

** II. Mosimann, Helv. Chirn. Ada, 26, 61 (1943). 

** I. Jutlander, loc. cit., pp. 19-30. S. Singer, Polymer Bull., 1, 79 (1945). 

13 S. Singer, J. Polymer Sci., 2, 290 (1947). 
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, fri rtional resistance with shape may he used, however, to obtain shape 
factors if rodlike ellipsoids are assumed and the possibility of solvation 

""under 11 these assumptions, Herzog, Illig, and Kudar» have shown that 
the frictional resistance may be related to the length and diameter of an 
ellipsoid of revolution by: 

, _ , 0 - P , )' /l __ (33) 

' - V. '" 1 ',-" - 

where U is the resistance of a spherical particle of the same molecular 
weight and P = l/d is the ratio of the length to the diameter of the ellip¬ 
soid. In calculating the shape factor both M and s must be known; 
hence the diffusion constant must be measured or the molecular weight 
determined from sedimentation equilibrium. Tables giving numerical 
values for equation (33) are shown by Svedberg and Pedersen 25 for values 
of l/d up to 100. Gralfe” gives a table extending the values to 1000. 1 he 

volume of the ellipsoid may be related to the molecular weight by: 

t«76 = MV/N ( 34 ) 

where l is the length of the ellipsoid, d the diameter, M the molecular 
weight of the particle, V the partial specific volume, and N Avogadro s 
number When the ratio of l/d is combined with (33), values for l and d 
may be calculated. While it is true that the shape parameters are some¬ 
what artificial, the agreement between shape factors calculated.from dif¬ 
ferent types of data shows that they have a definite significance. 1 able 1 
shows a comparison of cellulose nitrate chain lengths, calculated by various 
means by Jutlander, 22 which illustrates the agreement found. 

The nitrocellulose samples which were studied in table I were polydisperse 
and some of the divergences probably arise from the lack of correspondence 
of averages used. It would be expected, of course, that the calculated 
values for the completely extended chain would be greater than the meas¬ 
ured values. Pedersen 2 ' has pointed out that it is only when///* is unity 
that unqualified conclusions can be drawn. When the value is unity it is 
certain that the particle is near spherical and unsolvated. Kraemer has 


>< R. O. Herzog, R. Illig, and H. Kudar, Z. physik. Chem., A167, 329 (1933). 

» T. Svedberg and K. O. Pedersen, loc. cit., p. 41. 

“ N. Graten, loc. cit., p. 96. 
n I. Jullander, loc. cit., pp. 102 and 107. 

» T. Svedberg and K. O. Pedersen, loc. cit., p. 41. 

» E. O. Kraemer, in Frontiers in Chemistry, Vol. I. The Chemistry of Large Mole- 
cules. Interscience, New York, 1943, p. 109. 
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pointed out, however, that solvation alone can hardly he expected to load 
to values of f/f n much larger than 1.4, and hence it seems likely that the very 
high values shown in the table are chiefly due to shape factors. 

Table I 


Axial Ratios and Lengths of Celluia»se Nitrate Molecules” 


Sample 

M «r° 

Wd l> 

K/«V 

U. A.** 

l P . A * 

l R . A./ 

VF 1/2 

18 

24 

59 

240 

350 

— 

VF 3 

19 

42 

88 

450 

370 

550 

AF 1 

23 

26 

67 

270 

460 

— 

VF 120 

87 

110 

150 

1200 

1600 

1800 

Lnt 

141 

130 

210 

1700 

2700 

2100 

FK 6 

151 

190 

290 

2300 

2600 

2800 

FK 2 

231 

190 

250 

2600 

4400 

2700 

FK 3 

272 

210 

250 

2800 

5200 

3100 

Mpt 128 

386 

230 

350 

3G00 

7300 

— 


a Mu - weight average molecular weight calculated from s and /) or sedimentation 
equilibrium. 

® | l/d) t - length-to-diamctcr ratio calculated from s and D. 

e [l/d) v - length-to-diameter ratio calculated from intrinsic viscosity values accord¬ 
ing to an expression derived by Burgers.* 0 

d l s ob chain length in angstroms calculated from [l/d), and equation (34). 

* l P - chain length in angstroms from the degree of polymerization and the x-ray 
value for the length of the glucose residue. 

' l R - length from birefringence data determined by Sncllman and quoted by Jul- 
lander.* 1 

• 

The discrepancy between the l/d values calculated from viscosity and 
those from sedimentation data arises chiefly because of the assump¬ 
tion of a rodlike form for the molecule. The magnitude of the discrepancy 
between these values probably indicates how well the form is realized. 
Bueche 32 in an extension of Debye's work on coiled polymers has derived 
expressions for the sedimentation constant and the diffusion constant in 
terms of the parameters Debye used in his work on intrinsic viscosity. 31 
These parameters are the radius, R t} of the volume of solvent affected by 
the coiled molecule and a parameter, L, related to the thickness of the 
solvent layer disturbed by the motion of the molecule. The coiled mole¬ 
s' J. M. Burgers, in Second Report on Viscosity and Plasticity. Noord-Hollandsche, 
Amsterdam, 1938, p. 152; Interscience, New York. 

« I. Jullander, loc. cit., p. 107. See also 0. Snellman, Acta Chim. Scand 1, 301 

( 1947 ). . 

at a. M. Bueche, The Diffusion and Sedimentation Constants of Polymers, Thesis, 
Cornell University, 1947. P. Debye and A. M. Bueche, J. Chem. Phys ., 16 , 573 (1948). 
•• P. Debye, J. Chem. Phys., 14 , 636 (1946). 
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rir^r t*. 

range appear to behave as ellipsoidal rods. 

2. Sedimentation Equilibrium 

In sedimentation equilibrium the free energy must be the same in all 
parts of the cell. Analytically this leads to the expression. 


RTdc 

"Ml - ^P)« = 17 At. 


(35) 


which becomes on integrating! 

2 RT In (ct/c,) ( 36 ) 

M ~ «*(i - Vp)(*S - *?) 

This expression can be written in terms of Z, the scale displacement, in the 
following way: 

2RT In (Z,x,/Z,x Q (37) 

M «*(1 - Vp)iA - x\) 

In the case of ideal solutions of monodisperse solutes these equations lead 
to the same value of molecular weight. It is assumed that each molecular 
class behaves according to equations (36) and (37) in polyd.sperse systems. 

However, when equation (36) or (37) is applied to the experimentally 
determined relation between c and x or Z and x, the value of the molecular 
weight calculated from a pair of x values grows larger as the value of x in¬ 
creases. Lansing and Kraemer 11 have shown that the average value of the 
molecular weight calculated at each x position on the concentration curve 
is related to the average molecular weight for the whole distribution in the 
following way: 

_ * (38) 

fa XC x dx 

where M wz is the average value calculated over a short increment of x, 
is the weight average for the whole distribution, and a and b the distances 
of the meniscus of liquid and of the cell bottom from the center of rotation. 
The weight average molecular weight is defined in terms of the molecular- 
weight distribution by: 

u Wi D, Lansing and Ei O. Kraemer, /. Am. Chem. Soc., 57, 1369 (1935). 
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<1M (39) 

Similarly for the ideal polydisj crsc system it can ho shown that: 

.1/, = f a b M„Z dx/fj’ Z dx (40) 

where M tx is the value calculated from equation (35) over a short x interval. 
A/, is expressed in terms of the molecular-weight distribution by: 



M t = 




M £ m 


(41) 


The divergence of the values of M mt M mt and M x gives a qualitative picture 
of the nonuniformity of the molecular-weight distribution. 

Lansing and Kracmer introduced a two-parameter distribution function 
which made it possible to describe the distribution of molecular weights in 
terms of an average molecular weight and a nonuniformity coefficient. 
Their function is: 


<ic 

dftl 


y 


M Q0T 


1 . M 

0 n Mo 


i 7 TJJifi' c 




(42) 


In the above equation Af 0 is the modal molecular weight and 0 is a non¬ 
uniformity coefficient. The usual averages expressed in terms of the para¬ 
meters of the distribution function take the following form: 


A/. = ilV 
M w - A/oe 0 - 7 *' > 
M, = A/ 0 e , * n 


(43) 


M w and M t may be evaluated from the experimental data by applying equa¬ 
tions (38) and (40); 0 can then be calculated by substituting these values 
in (43). The distribution of molecular weights calculated in this way fre¬ 
quently leads to a concentration function in the cell which differs from the 
experimental curve. It is usually assumed that the difficulty arises be¬ 
cause the actual distribution of molecular weights cannot be fitted by the 
assumed distribution function. Rinde has shown that the difficulty can 
be overcome by setting up a set of integral equations derived from (36). 
The solution of these equations, however, is extremely laborious and is 
rarely undertaken. Wales el al. n have developed a more general function 

“ M. Wales, M. Bender, J. W. Williams, and R. H. Ewart, J. Chem. Phys., 14, 353 
(1946). 
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>e a|>P 1 . -ontinir M as a function of x is independent of conccntiation 
lin'd 1 / P| increases constantly with x. Long-chain polymers almost always 
show concentration dependence. When is plotted as a function of x 
for these systems, the function usually has a maximum value at an x value 
between'the meniscus and cell bottom. Moreover the form of the function 
changes with concentration. The equation developed for .deal solut.ons 

therefore cannot be applied directly to this type of data. 

Wales el al, “ Wales," and Schulz” have suggested that the equilibrium 
equation for a nonideal system be derived in terms of the expression used 
for calculating the osmotic pressure molecular weight from data obtained 
with concentration-dependent solutions. The osmotic pressure cqua 

takes the form: 

P = 5 c + V* <“> 

M 


and the equilibrium equation may be written: 

5p 

«*x( 1 - Vp)c x dx = *- dx 


(45) 


Combining these equations Wales el af. 35 find that: 

dc/dx 


M x = 




( 4 ( 5 ) 


in which A = «»x(l - Vp)/2RT, B = Wgb'/RT, and 6' = millimeters of 
solvent divided by grams of solvent per 100 grams of solution; <j is the 
acceleration due to gravity. M x of equation (46) is equivalent to M« r of 
the ideal case when b' is independent of concentration and molecular 
weight. 

Schulz 37 derived equation (46) independently and has applied it to 
sedimentation-equilibrium data obtained by Mosimann 38 on a sample of 
nitrocellulose dissolved in acetone. A comparison of the ordinary M ux 
calculated from equation (36) and M r with the osmotic correction from 


*• M. Wales, J. Phys. & Colloid Chem., 52, 235 (1948). 

37 G. V. Schulz, Z. physik. Chem., A193, 168 (1944). 

38 H. Mosimann, Helv. Chim. Ada, 26, 369 (1943). 
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equation (46) is shown in figure 6. It is evident that the modified equation 
has improved the form of the derived curve. Schulz applied the method 
to equilibrium data at a series of concentration levels and here the method 
was only partially successful. The equilibrium data available are rather 
meager and it is probably too early to be certain how general the applica¬ 
bility of this method of treating nonideal cases will be. 

Graten” has derived a modified equilibrium equation in terms of the parameters 
of the equation for the sedimentation constant and the diffusion constant. The 
constants for the equation are, however, difficult to obtain and the use of the 
constants of the kinetic case in the equilibrium condition is open to some ques¬ 
tion. 



l*’ig. 6.—Variation of molecular weight, M V i, with distance in the 
scdimentAtion equilibrium of Mosimann's cellulose nitrate 1/6 in ace¬ 
tone: (a) with use of simple equation for ideal solutions; and ( b ) with 
the osmotic correction of Schulz and Wales. C *= 0.31 g. per 100 ml. 

The method of extrapolated coefficients used by Gral6n 40 and Jullander 41 
lor interpreting sedimentation-velocity data could also be used in the 
analysis of the curves obtained by the equilibrium method. In the 
equilibrium case the experimental concentration function of c x /co vs. x at 
different concentration levels could be expressed as a parametric function 
of x and the curve corresponding to infinite dilution determined from the 
values of the extrapolated parameters. However, a part of the difficulty in 
applying the equilibrium method to long-chain polymer systems arises from 
the excessive time required to attain equilibrium, and it may well be that 
some of the data which have been analyzed have been taken from systems 
which have not reached equilibrium. 

n N. (Jral6n, Dissertation, Uppsala, l!M4, p. 70. 

*° N. (Jral6n, lor. cit., p. 18. 

11 I. Jullander, Dissertation, Uppsala, 1045, p. 31. 
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3. The Centrifugal Differential Equation 

the general case of a particle sedimenting in a centrifugal field neither 
i-ffHainn nor the frictional resistance of the particle to motion can be neg¬ 
lected. The differential equation derived by Lamm 42 for this condition is 

given by: 

(47) 


dc 1 d r/^ dc s \ 1 
dt i L\ / J 


• which D is the diffusion constant, w the angular velocity, x the distance 
!>f the particle from the center of rotation, s the sedimentation constant, and 
c the concentration of the solute. 



F i g . 7.—Schematic representation of the concentration-dis¬ 
tance distribution at various times up to the establishment of the 
sedimentation equilibrium in the ultracentrifuge; U to fj, sedi¬ 
mentation-velocity stage; t«, sedimentation equilibrium. 


Archibald 43 * 1 "* has obtained a rigorous solution for the general differen¬ 
tial equation but the solution is expressed in terms of complex functions 
which are impracticable to evaluate. He has also obtained an approximate 
solution in functions easier to evaluate 436 and has demonstrated methods 
for the calculation of molecular weights from data taken before the equilib¬ 
rium condition is established. 4 * This method has the advantage of greatly 

«* 0. Lamm, Arkiv Mat. Aslron. Fysik, B21, No. 2 (1929). 

4 * W. J. Archibald, Phys. Rev., 53, 746; 54, 371 (1938). 

416 W. J. Archibald, J. Applied Phys., 18, 362 (1947). 

434 W. J. Archibald, J. Phys. & Colloid Chem., 51, 1204 (1947). 
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reducing the time required in the equilibrium method. It does not give 
the resolving power of the velocity method and moreover the diffusion 
constant must be determined independently. The difficulty involved in 
handling the analysis of polydisperse, concentration-dependent systems 
makes it unlikely that Archibald’s technique will supplant either the veloc¬ 
ity or the equilibrium methods, but it may prove valuable in supplementing 
them in favorable cases. 

Apart from the possible utility of the data it is of interest to follow the 
appearance of a sedimenting system as it approaches equilibrium. Figure 
7 shows schematically the concentration functions at various times. Dur¬ 
ing the very early phase of the sedimentation the curves approximate the 
simple sedimentation-velocity diagram. As the sedimentation proceeds 
reflection from the cell bottom sets in and finally the function corresponding 
to the equilibrium curve is attained. Mason and Weaver 44 have discussed 
the various stages passed through by a system sedimenting under gravity 
until the stationary state or sedimentation equilibrium is attained. 

Summary 

In summarizing Sections 1 to 3 it can be said that studies with the 
velocity ultracentrifuge alone lead to a sedimentation constant which by 
itself is useful in studying solute-solvent relationships. This constant 
when combined with the diffusion constant leads to an absolute value of the 
molecular weight which is independent of molecular shape and is as valid 
as the values obtained by the classical methods as long as the laws of ideal 
solution hold. Even where the gas laws are not obeyed at usable concen¬ 
tration, rigorous values of molecular weight can be obtained by extrapolat¬ 
ing to infinite dilution. 

Methods now available make it possible to calculate reasonably general 
distributions of molecular weights for the polydisperse, concentration- 
dependent systems. Shape factors may be calculated by determining the 
sedimentation and diffusion constants which, while somewhat ambiguous, 
lead to reasonably clear pictures of molecular configuration. The resolu¬ 
tion which can be obtained with the velocity method is in general excellent. 

The equilibrium method leads directly to absolute values of the molecular 
weight and gives some information on the distribution of molecular 
weights. Recent advances in the use of this method with nonideal cases 
suggest that a combination of the velocity and equilibrium methods may 
be the most satisfactory means of obtaining the distribution of molecular 
weights in these difficult systems. 


44 M. Mason and \V. Weaver, Phys. Rev., 23, 412 (1024). 
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4. Optical Methods of Measurement 


The optical systems used for me ^"^ h * n C 'detS'by Svedberg and 
the ultracentrifuge cell have •**“ torsX II (Diffusivity), Sect. Ill, 

Pedersen in The UU, accnlnfage and m Ornate ^- n thc vario us 

and XXVI (Electrophoresis), rhe ijyjl 650}. The present 

methods is described in br £f description of the optics used in 

section will, therefore, be lim measuring the concentrations 

the refraction methods. T ,e ™ , d d the refraction method 

—- ”“ h 

to use. 

A. ABSORPTION METHOD 

In the absorption method a wave 

s0 lute phase absorbs much more rtronrfj[ ““"^^ulting pictures give 
consist simply of a camera focused on the • . . jj The 

SSSSSSSHSSsiss 

tion where the differential absorption is satisfactory. The absor P 

method is now rarely used, therefore, except in the anay pec- 
systems and systems which absorb strongly throughout the visible spec 

trum. 

B. REFRACTION METHODS 

The most precise of these methods is the scale method developed by 
Lamm- A Schlieren method developed by Philpof from earlier work: of 
Thovert," and Toepler” gives a rapid and useful measurement of sedime 
tation velocity but is not sufficiently precise to be used in analysis o p y- 

d 'Lamnf Scale Method—The optical arrangement used in the Lamm 
scale method is illustrated in figure 8. The scale is illuminated by means 
of a diffuse source, usually a low pressure mercury arc. The scale tnei 

a o. Lamm. Z. physik. Chem., A138, 313 (1928); A143, 177 (1929). 

« J. St. L. Philpot, Nature, 141, 283 (1938). H. Svcnsson, Kolloid-/., 87, 181 (1 JoJ). 
K. J. I. Andcrsson, Nature, 143, 720 (1939). 

47 J. Thovert, Ann. phys., 2, 369 (1914). 

« A. Tocplcr, Ann. Physik, 131, 33, 180 (1867). 
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serves as a secondary source, and light from the scale passing through 
the cell is focused on the photographic plate by means of the camera lens. 
If the light is deviated on passing through the cell the change in position 
on the photographic plate may be obtained by projecting the direction of 
the emerging central ray back to the plane'of the scale as has been done in 
the diagram. Lamm 45 has shown that as long as the deviations are small 
the displacement of the ray is proportional to the refractive-index gradient 



(a) Lamm scalo method; (6) PhilpotrSvcnmon Schlicrcn method employing inclined slit 
and cylindrical lens (Pickels). 

where the light passes through the cell and to the cell thickness. Inspec¬ 
tion of figure 8 shows that the displacement registered on the photographic 
plate, Z, is related to the constants of the optical system as follows: 

Z = Gab — y- (48) 

dc ax 

where G is the magnification of the camera, a is the cell thickness, b the 
cell-scale separation, dn/dc the refractive-index gradient at the point 
where the light passes through the cell, and dc/dx the change of concentra¬ 
tion with distance. A camera magnification of one is almost always used 
with the scale method. Distances on the plate, x p , are related to distances 
in the cell, x ct by: 

*-°rh* (49 > 

from the geometry of figure 8. In equation (49), l is the distance from the 
scale to the camera lens, b is the scale-cell separation, and x P is the dis¬ 
tance on the plate corresponding to a distance x c in the cell. G is sometimes 





(tf'J 

XML TUB ObTKACENTRIFUGB 

-i—-« r t? si; 

s:, tod * nthc ” ,u ' 

*S^A -I- - ■——it ss E 

trifugal fields are used. This cone . d gra dient in the cell 

at high speed there is an in the eell. The 

^d'is^kimeTS 'therefore, be in J^<2 

Lamm,**' 45 by equation (50): 

Z„,. - Z (1 + «) (S0) 

i. Which Z„„. i. .h, corrected vj.ee Z **"*>** by direct .«»- 

•s^^sssssi 

=»*h=m££ss 

"The 7 optics of the Philpot Schlieren method are illustrated in figure 8^ 
In this method a horizontal line source is brought to a focus at the f ont 
surface of the camera lens by the condensing lens. The camera lens .brings 
the midplane of the solution cell to a focus on the image screen. The system 
is completed by the diagonal slit in front of the camera lens and the cylin¬ 
drical lens between the camera lens and the image screen. cyhndmal 
lens brings a point at the camera lens to a focus as a vertical line at the 
image screen but does not disturb the vertical correspondence of position in 

the plane of the solution cell and image screen. . 

Deviations of the beam caused by refractive-index gradients in the solu¬ 
tion cell change the position of the image of the line source on the diagonal 
slit plane which results in a horizontal displacement on the image screen 
proportional to the refractive-index gradient. The vertical position (t. e., 
the cell position) of the line is not altered by the deviation since the solu¬ 
tion plane and image plane are conjugate foci of the camera lens. The 
camera lens should have a focal length of 1 to 1.5 meters to avoid parallac- 


« o. Lamm, in T. Svcdberg and K. O. Pedersen, The Ullracerdrifuge. Clarendon 

Press, Oxford, 1940, p. 269. 

50 J. St. L. Philpot. Nature, 141, 283 (1938). 



050 


J. B. NICHOLS AND K. D. BA ILK Y 


tic errors. This method, therefore, gives a direct graphical trace of the 
refractive-index gradient in the cell and provides the most rapid method 
available for the determination of the position of the sedimenting boundary. 

Slit Method.—A third method consisting of two slits is sometimes 
employed to measure the refraction. 51 This is somewhat more accurate 
than the Philpot. Schlieren method but it does not give the precision of 
the scale method. At the present time the scale method is used when 
precise measurements of the refractive-index gradient are required in sys¬ 
tems where solvent and solute are transparent. The Schlieren method 
is preferred when sedimentation velocity alone is being considered and the 
absorption method is used for the analysis of a highly absorbing or highly 
scattering disperse phase. 

Prismatic Cell.—An interesting variant of the scale method has re¬ 
cently been introduced by Kegeles. 52 In this method a prismatic cell is 
used in conjunction with the optical system developed by Lamm. 53 The 
7j displacements are proportional to the concentration gradient while the 
horizontal displacement of the center line of the scale is proportional to the 
concentration. The method has the advantage of giving both the gradient 
and concentration, which simplifies computation. While it seems likely 
that some of the precision of the scale method may be lost, in cases where 
there is doubt about the chemical stability of the system under analysis, 
the method should be very valuable. 

III. APPARATUS 
1. General 

We have seen in the theoretical discussion that there are two general 
phenomena to investigate in the ultracentrifuge: the sedimentation veloc¬ 
ity and the sedimentation equilibrium of the substance in solution. Two 
different types of apparatus are ordinarily required because relatively low 
speeds of from 1000 to 20,000 r.p.m. are sufficient to give sedimentation 
rates of the same order as the diffusion rates of proteins and high poly¬ 
mers, whereas extremely high speeds up to 75,000 r.p.m. are required to 
overbalance diffusion and produce a moving boundary which can be ob¬ 
served. However, the basic requirements are the same for all ultracentri¬ 
fuges, as indicated earlier (page 624), namely, the provision of vibrationless, 
convection-free operation and of an optical system well enough defined to 
produce sharp pictures. 

61 O. Lamm, in T. Svedberg and K. O. Pederson, loc. cit., p. 256. 

»* G. Kegeles, J. Am. Chem. Soc., 69, 1302 (1947). 

61 O. Lamm, Z. physik. Chem., A138, 313 (1928); A143, 177 (1929). 
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—O m . '7‘“ ' h ™““‘ lo “” “uv«k,' duration on solution, ot 
—„ JS to -di.uonU.ionu*.i.y “ 

hiSZed ultracentrifuge i« driven by oil turbine, «„ to 

HSr ^raenration-vriority uKrae.ntri- 

fuge and the quantity centrifuge for preparative purpose . g 

speed ultracentrifuges are used for velocity measurements of only seve al 
hours’ duration on solutions of high-molecular compounds and for equ.h 
rium measurements on low-molecular substances. 

2. Low-Speed Ultracentrifuge with Direct Motor Drive 

Early experience with pulley- and gear-driven centrifuges showed that 
they possessed certain mechanical deficiencies, especially a s ight v ibrat on 
which blurred the image of the transparent cell. This difficulty was avo ded 
by the use of a direct motor drive and the speed was changed by va.j.ng 
the frequency of the current supplied the centrifuge motor from (KiOU 
c.p.s. by means of a special motor-generator. 1 his improved form 
tracentrifuge will serve as an example of the machines developed for inves¬ 
tigations requiring moderate centrifugal forces. 06 . . 

This machine is constructed to enable the use of either a colorimetric oi 
a refractive-index method for measuring concentration changes m the solu¬ 
tion being centrifuged. However, the refractive-index methods have, in a 
large measure, replaced the light-absorption method because they may 
be used with colorless systems. For example, the light-absorption method 
is not applicable to such systems as rubber in benzene, cellulose nitrate 
in acetone, and cellulose in cuprammonium solution because both the sol¬ 
vent and the solute transmit or absorb light in the same region of the spec¬ 
trum. As long as the solution is not turbid and the solvent is at least 0.1 

** These may be obtained from the L. K. B. Co., Stockholm, Sweden. 

M An improved form employing an electrical drive may be obtained from Specialized 
Instruments Corporation, Belmont, Calif. 

“T. Svedberg and B. Sjogren, J. Am. Chem. Soc., 51, 3594 (1929). T. Svodberg 
and K. O. Pedersen, loc. cit., pp. 90-100. 



J. B. NirilOLB ANI» F.. D. UAll.KY 


052 


refractive-index and density unit different from the solute, the index o r 
refraction method may be used. 

One of the refraction methods used to determine the concentration change 
along the transparent cell containing the solution is to photograph a fine 
scale through the column of solution using light of a wave length which is 
not absorbed (page 047). 167 By measuring the displacement of the lines, the 
concentration gradient, dc/dx, is obtained as a function of the distance from 
the center of rotation. 

Two cells containing solutions or sols to be examined are located at dif¬ 
ferent distances from the axis of rotation in a 150-mm. chromium-nickel- 
steel rotor 40 mm. thick. The rotor rests on the conical top of the vertical 
shaft of a self-balancing type of motor used in the rayon industry for spin¬ 
ning pots (Siemens and Shuckert). 68 Any tendency to injurious vibration 
is immediately counteracted by a rubber ring on which a wide flange of the 
synchronous motor rests. It has a short-circuited squirrel cage, ball¬ 
bearing armature. Three-phase a. c. of variable frequency is supplied 
from the special generator which renders possible a variation in speed from 
about 1500 to 18,000 r.p.m. 

The rotor casing in which the rotor moves with a clearance of about 2 
mm. is closed by a clamped lid sealed with Celloseal or other suitable 
grease. It is surrounded by a water thermostat which may be controlled 
from 0° to 60° C. Hydrogen or helium is admitted to the rotor chamber 
at the periphery of the rotor and is pressed out near the center to cut down 
frictional heat and to insure a positive pressure of the gas in the chamber. 

Optical Arrangements.—The casing is provided with a vertical light 
channel concentric with the centers of the cells in the rotor and is closed 
with a 40-mm. quartz plate. Similarly, below the rotor casing a hori¬ 
zontal tube carrying a totally reflecting quartz prism in line with the 
center of the cell is equipped with an electromagnetic shutter for making 
exposures, a projection lens for parallel light, and a transparent, fine-line 
scale or a slit for refractive-index measurements. With this arrangement 
light from a mercury arc or from a point source such as a Pointolite or 
Western Union zirconium lamp may be sent through the transparent cell 
while it is in motion and then to a camera where the effect of the centrifug¬ 
ing may be photographed. Details of the camera are given by Svedberg 
and Pedersen. 69 

For the absorption method two objectives, one a Hilger glass-quartz 
doublet and the other a fluorite-quartz combination, both of 100-cm. focal 
length and aperture F:25, are used, the former for visible light and the 

67 O. Lamm, Z. physik. Chem., A138, 313 (1928); A143, 177 (1929). 

“ R. Elsasser, Siemens-Z., 5, 580 (1925); Russa, 4, 1355 (1930). 

w T. Svedberg and K. O. Pedersen, loc. cil., p. 96. 
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, • i . li„ht Pictures of double actual size are obtained, 

latter for ultraviolet light. Picti foc#1 , cngth of 150 cm. and an 

For the scale method the obj necessary to use these long 

aperture of F:36 with a of «he method and to insure 

focal length lenses o Min up to 16 mm. The rotor 

freedom from parallax cross section of the centrifuge 111 figure 

tftSiSh iS general arrangement of the apparatus at the 
du Pont Experimental Station is shown in figuml # ^ above the ml . 

To avoid having the pla . r ront surface aluminum 

trifuge cell, a wwaj" J^the fight channel of the centrifuge to enable 
5 r— i» . lioriiontal Th™ » »n.y 

loss in light intensity even in the ultraviolet. 
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Fig. 9 —Kotor and cell (or the low-speed equilibrium ultracentnfuge.*" 

Cells.—The cells used for aqueous solutions of proteins, viruses and 
colloids consist of two quartz plates 25 mm. m <'.umr;tt- r , opt,cally Hut. 
with surfaces parallel to within 15 see. of arc, separated by a middieT>late 
with a sector-shaped opening to permit the radial sed.mentat on 1 of i t 
molecules or particles. Ebonite, Bakelite, or Teflon may be used The 
middle plate is part of a recessed collar into which the quartz plates 
and are pressed against thin circular disks of rubber 0.15 mm. thick, to act 
as gaskets. Before assembling, the inner surfaces of the collars are painted 
with a solution of rubber in benzene. The cell is slipped into a cylindrical 
steel holder, threaded on each end to take screw clamping rings and thin 
intermediate ebonite rings to protect the quartz plates. Five different 
thicknesses are used for the middle plates, 2, 4, 8, 16, and 24 mm., to form 
the solution cell. This steel cylindrical unit is then inserted into a hole in 
the rotor provided with a key to fit the keyway in the outer edge of the 
cell unit to produce a proper radial alignment of the cell column. Sectorial 

590 I. Jullander, J. Polymer Sci., 2, 329 (1947). 
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diaphragms of 3° angle with a|K*x at llu* center of rotation arc then arranged 
at the top and the bottom of the rotor to define the optical cell and screen 
ragged edges on the real cell. 

For volatile organic solvents a clani|>cd quartz cell is used with the same 
5-mm. thick quartz windows but with a stainless steel middle plate of de¬ 
sired thickness equipped with three concentric ridges, 0.005 in. high on 
each side. Lead gaskets with sectorial o|>enings cut out to match the 
opening in the middle plate are then clamped on either side, forming a closed 



Fig. 10.—Cross-section of the low-speed equilibrium ultracentrifuge 

(courtesy T. Svedbcrg). 


cell. A filling screw with a shoulder closes the top from the inner end of the 
middle plate and may tighten on a small lead gasket. This type of cell 
has been used successfully with liquids as volatile as ether but cannot be 
used if there is any reaction with the lead, as, for example, with basic sub¬ 
stances or drying oils. For particularly corrosive liquids, for example, 
formic acid, or dichloroacetic acid in chloroform, soft silver or gold gaskets 
have been used with a silver middle plate. 

Another type of cell arranged so that both concentration distribution 
and concentration-gradient distribution can be determined in the same cell 
to compute the weight average molecular weight in polydisperse systems at 
equilibrium has been described by Kegeles 60 (page 650). The cell is sepa- 

60 G. Kegeles, J. Am. Chem. Soc., 69, 1302 (1647). 
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rated lengthwise into two Pjmat"^pirate' r haml*™are supplie.l 
plate inserted in an ang e of against a rubber gasket for 

with filling holes sealed by tight * ‘ t jn Qne chamher and solution 
aqueous solutions. bol\on <* . cra( |j on t may bo measured by 

SSfi—S b. *£»i-d .. ■«*—* ° r * 

tudinal reference line. 



Fi K . 11 -Low-speed equilibrium ultracentrifuge installation (du Pont Experimental 
Station): A, front end of camera; B, centrifuge proper; C, illumination unit. 

Cell Selector.—Since the time of centrifuging to establish sedimentation equilib¬ 
rium may be from several days to several -veeks—depending on the molecular 
weight and nature of the substance being examined—it is desirable to make several 
determinations simultaneously. This may be carried out with a suitable cell selec¬ 
tor. The older type of ultracentrifuge, which was driven by means of a step-up 
worm gear and an external motor 61 could be readily arranged for the examination of 


61 T. Svedberg and K. 0. Pedersen, loc. til., p. 87. 
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four or more cells individually in full column length with their centers on the same 
circle by arranging a stroboscopic phase-shifting device on the drive shaft of the 
worm gear. The Baltic cream separator, which was used as the base of the centri¬ 
fuge, had a step-up worm gear. Therefore, a stro!x>scopic disk was connected 
through a double universal joint to the drive shaft to give an integral relationship 
to the vertical centrifuge shaft. The line of centers of the holes was centered in 
the light beam entering the centrifuge. Since the rotor makes one complete revolu¬ 
tion between the coincidence of each hole in the disk, a small movement of the uni¬ 
versal joint will change the phase and enable us to bring first one cell into view, 
then the one at 00°, and so on. A spot of light thrown from a mirror on the joint 
to a scale indicates which cell is in view. This arrangement has l>een in successful 
operation at the du Pont Kxperimental Station for a numl>er of years. 

Optical Systems. The optical system for the light-absorption method 
is arranged to produce parallel light of good uniformity over the whole 
length of the transparent eell. This is accomplished by focusing the 
image of the incandescent hall of a fixed focus 100 C- P. Pointolite 
lamp or a Western Union zirconium point light on a variable aperture 
diaphragm by means of a Dallmeyer lens of aperture F: 1.9 and focal length 
7.5 cm. The light from the diaphragm is then made parallel by means of a 
Zeiss-Tessar lens of aperture F:4.5 and focal length 15 cm. Thus a beam 
of essentially uniform intensity of diameter 40 mm. is produced. A water 
filter and suitable light filter are inserted between the lens system and the 
centrifuge proper. For ultraviolet illumination, a low-pressure mercury 
arc and gaseous chlorine and bromine filters are used if the 2536 A. line is 
to be isolated. If the 366 m/< line is desired, it is sufficient to use a nickel 
oxide glass filter. 

For the Lamm refractive index scale method , a d.-c. mercury lamp is used 
as the source to avoid stroboscopic effects at low speeds. A projection lens 
system consisting of two Zeiss-Tessar F:6.3 lenses of 36-cm. focal length, 
placed with their object sides close together, are used to project the image 
of a fine-ruled scale on a transparent background to points from 15 to 0 
cm. from the center of the cell. A filter is inserted to isolate the spectral 
i-egion desired. For most work the 4358 A. mercury line is used and is 
isolated by means of a Corning 3389 filter or a 0-methylesculetin-gelatin 
filter. The camera previously described is focused through the solution 
in the cell onto the image of the scale. The change in concentration along 
the cell, either by absorption or by displacement of the lines of the scale, 
is recorded photographically. A process plate such as Eastman Process is 
suitable for the absorption method, and a very high contrast plate such as 
the Cramer Super Contrast is used to obtain sharp lines in the scale method. 

Speed Control.—Usually the line voltage is not sufficiently constant 
to give the desired control of speed of the low-speed centrifuge. A dif- 



657 


XIII. THE ULTRA CENTRIFUGE 

speed controller* 1 may Pc 

‘he.>-<•• motor^aH^pro,— Jo.^^ centrifuge 

motor*proper the actual'speed .ags behind the frequency supplied to the 
-‘or and must the particle size distribution 

3. High-Speed, Oil-Turbine, Sedimentation-Velocity Ultracentrifuge 

• vo ? 

UssHfiHi 

thousand times gravity. The oil-turbme drive was ^cted by Svedberg 
as being the best system for producing very high rotational speeds. 

The main parts of the apparatus are the centrifuge proper, t e P™ s “ 
oil circulation system, the reduced pressure hydrogen aystem the o pt 

system, speed-measuring device, temperature-measuring mstn.ments an-, 

balancing machine. Figure 12 (p. 658) is a schematic arrangement of th 
apparatus. The sample to be studied is enclosed in a scctor-shai.cd ce , 
C, provided with plane parallel quartz windows capable of withstanding 
pressures up to 400 atmospheres. The following is a brief description of 
the salient features of the apparatus: 64 

The rotor (Fig. 13) of chromium-nickel steel is supported by horizontal hearing. 
H. and B t . and kept in rotation by means of two small twin-oil turbines, 7i and I 2 . 
one on each end of the shaft. Hydrogen is admitted at the periphery and con¬ 
stantly pumped off so as to maintain a pressure of about 20 mm. Thermocouples 
Th- in the bearings and a radiation thermocouple, Th x , near the rotor serve foi 
temperature control of the centrifuge. A beam of light from a mercury lamp, L, 
filtered through Lf Xt Lft, and Lf 3 , passes through the cell, C, in the rotor on its way 
to the camera. The exposures are timed by means of the electromagnetic shutters, 


•* W. D. Lansing, Rev. Sci. Instruments, 4, 684 (1933). 

T. Svedberg and K. O. Pedersen, loc. cit., pp. 100-191. T. Svedberg and A. Ly- 
sholm, “An Ultracentrifuge of Oil Turbine Type for the Determination of Molecular 
Weights,” Nova Acta Regiae Soc. Sci. Upsaliensis, vol. extra ord. (1927). T. Svedberg 
and J. B. Nichols. J. Am. Chem. Soc., 49, 2920 (1927). G. Bocstad. K. O. Pedersen, 
and T. Svedberg, Rev. Sci. Instruments, 9, 346 (1938). 

84 T. Svedberg, Ind. Eng. Chem., Anal. Ed., 10, 113 (1938). 
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»S', and S 2 . For speed measurements and speed control a magnetic generator, M, 
is used in connection with a reed-frequency meter, an oscillograph, or a frequency 
bridge. 



Fig. 12.—Diagrammatic representation of oil-turbine ultracentrifuge.* 1 



Inch feeds tlie turbines is produced by a special oil compressor, 
tated to a suitable temperature before entering the turbine 
chambers. A system of channels in the heavy 
steel casing makes it possible to thermostat 
the centrifuge by means of oil or water circula¬ 
tion. Lubrication oil for the hearings passes 
■fcfeaa. through oil filters F\ and Ft, and is controlled 

bv valve I V By changing the speed of the 
motor which drives the compressor and by 
operating valve IV the pressure of the oil 
entering the turbines may be regulated so as 
to make |x>ssiblc sedimentation measure- 


Fig. 13.—Kotor and cell for the nients at any desired speed between 5000 


oil-turbine ultracentrifugc. MO and 140.000 r.p.m. The resistance thermom¬ 


eters, Rt u Rtt, and Rt 3 , and the manometers, 


G x , G 2 , and G 3 , enable the operator to control temperature and pressure in various 


parts of the machinery. 


A detailed section of the centrifuge proper through the axis of rotation is 
given in figure 14. Figure 15 gives a view of the installation at Uppsala 
showing the camera, the centrifuge on its foundation, the oil coolers, and 
the hand rails leading to the pit where the motor compressor and filters 
are located. 


XIII. THE ULTRACENTRIFUGE 

, r ,1 _ r ri,p resolving power of the ultracentrifuge for a 

5su to . ~ - j.f“ issrsaa: 

!u‘.d'tho greater ease in measuring the concentration distribution m a longer 



column of solution. With the most highly perfected oval rotor with two 
thin fins to screen off false light, and with all extraneous metal removed 
(see Fig. 13), the maximum value for the resolving power is 5.8 X 10 s cor¬ 
responding to the speed range of 65-75,000 r.p.m., a rotor diameter ol 
about 18 cm., a height of column of solution of 1.8 cm., and with the center 
of the cell at a radius of 6.5 cm. from the center of rotation. 

Svedberg considers a soft chromium-nickel steel to be superior as a 
rotor material to a hard steel of higher tensile strength which often cracks 
under the influence of centrifugal stresses, and to light-metal alloys such as 
duralumin. Although they have a ratio of strength to density higher than 
steel, the stresses around the cell holes amount to about 50%, and the 
weight of the cell cannot be reduced further since it is already made of 
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(luralumin and Dow metal. A steel of ultimate strength about 140 kg. 
per mm. 2 corresponding to a Brinell hardness of 400 is satisfactory, Care- 
Iul static and dynamic balance of the* rotor is necessary for cibration-free 


rotation. 

A general discussion oi ceil construction is given bv Svedberg and 
Pedersen.* 5 Relatively thin (5 mm.) cylindrical crystal quartz plates cut 
perpendicular to the optical axis, 20 mm. in diameter, will withstand cen- 



Fig. 15. Oil-turbine ullrucciilrifugt* installation (courtesy T. Svcdl>erg). 


trifugal forces of 300,000 times gravity. However, not only the plane sur¬ 
faces, but the cylindrical surface must be carefully polished to reduce the 
possibility of fine cracks. Fused quartz and glass do not withstand as high 
a pressure as crystalline quartz. For the middle plate with sectorial open¬ 
ing to form the solution chamber, and the collar surrounding the quartz 
plates, Bakclite or Lucite may be used with aqueous solutions. A dural¬ 
umin or Teflon middle plate has been used for most organic solvents, 
'flic best gasket material for tightening the windows against the middle 
plate is thin rubber, approximately 0.01 mm., or cellophane for aqueous 

T. Svedberg and K. O. Pedersen, loc. cit., p. 123 and ligurt* 39, and pp. 152-156. 
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~'?*E“S=S=r- k^i 

ebonite collars ° f 5 ”“? e “ ^collar. The cell barrel is made of dural- 
fore they are put u» the Bakel.te co ^ ti hten the quart* plates 

umin tubing with sc "^ * 4 g cctor diap hragms of 2 ° angular aper- 

end of the barrel to define the optical path through 

'!° n " disturbances For organic solutions it is usually necessary to tighten 
nfof the'eell with a tapered or screw plug and fill the cell com- 
letelv to avoid evaporation. For cl.lorofo.-m solutions glycerol may be 
' , y , the meniscus The protection of the meniscus, the necessity 
ZVu ch w s d^s“d at the beginning of the centrifuge development 
mly mean the difference between success and failure. The assembled 
cell is shown next to the rotor in figure 13 and in cross section in figure lfl. 
The lower cell, with a porous partition shown in figure 16, was devised by 




Fig. 16.—Section of ceils: upper, cell for optical obser¬ 
vation; lower, porous partition cell for separation.* 4 

Tiselius 66 to provide a means for the analytical determination of the sedi¬ 
mentation rate of a number of poorly defined biological products such as 
antibodies and enzymes before purification. The boundary can be ob¬ 
served visually until the component has passed through the membrane, 
after which the centrifuge is stopped and the centrifuged component pi¬ 
petted out for subsequent analysis by its activity. 

•* A. Tiselius, K. O. Pedersen, and T. Svedberg, Nature, 140, 848 (1937). 
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The rotor is carried in cylindrical white-metal journal bearings with its 
axis of rotation horizontal. A very small radial play (less than 0.02 mm.) 
reduces vibrations materially, but causes rapid wear in solid bearings. Ac¬ 
cordingly, a damping arrangement consisting of a series of small pistons 
held against the journals by oil pressure is used. One of the pistons is re¬ 
stricted to 0.015 mm. play by means of a micrometer screw to permit a 
greater over-all clearance. Positive lubrication is assured at all times by 
by-passing part of the oil that drives the turbines through the bearings at 
a pressure of 3 kg. per cm. 2 . The oil must, of course, be carefully filtered. 

The rotor is driven by twin turbines at each end of the shaft. They are 
of the axial flow reaction tyj>e with spiral inlet. The outer diameter of the 
turbines is less than 1 cm. The over-all efficiency is about 50%. Total 
output of the turbines is 600 watts. The rotor turns inside a steel casing of 
4 in. minimum thickness which serves to support the bearing and turbine 
chambers, to enclose the rotor with its atmosphere of low-pressure hydro¬ 
gen, and to contain the rotor in case of an explosion. It is bolted to a lower 
concrete base with bolts 2 in. in diameter, calculated to withstand the stress 
—about 900,000 kg.—exerted by a 9-kg. rotor exploding at its highest test 
speed of 78,000 r.p.m. This is about the same impact as exerted on a pro¬ 
jectile of an 8-in. gun when firing. 

Oil and Water Circulation Systems.—The oil for the turbines and 
bearings is a Pennsylvania 300 oil with a viscosity of 0.065 poise at 20° 
C. and a vapor pressure of 0.007 mm. of mercury. It is supplied to the 
turbine chamber at a maximum pressure of 180 lbs. per in. 2 by a 12-stage 
centrifugal pump capable of operating in a vacuum or by a De Laval screw 
pump of the I mo type. Speed of the rotor is controlled by varying the 
pressure of the oil supplied to the turbines through change of speed of the 
drive motor and by throttling the valve in the main oil line to the centri¬ 
fuge. On its way to the turbines the oil passes through a heat exchanger 
where its temperature, and therefore that of the rotor, is controlled by the 
circulation of cold water from a Frigidaire unit through the heat exchanger. 

Vacuum and Hydrogen System.—The rotor chamber is evacuated with 
a large-capacity, low-speed vacuum pump (5 cubic meters per hour at 
75 r.p.m.) to prevent serious heating of the rotor and bearings in air. 
There is too much frictional resistance in low pressure air or hydrogen at 
atmospheric pressure, but at ca. 20 mm. pressure of hydrogen, prolonged 
centrifuging at high speeds may be carried out with only a few degrees rise 
in temperature in the contents of the cell (Fig. 17). The reduced-pressure 
hydrogen bled into the system maintains its high heat conductivity and is 
able to conduct away the heat produced by the rotation in the residual air. 

The temperature in the cell is determined by a small silver-disk radiation 
thermocouple mounted only 0.2 mm. from the rotor surface near the cell 
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Fig 17.—Temperature rise, AT. in cell as a function of speed 
of the oil-turbine ultracentrifuge, rotor IV. 

Diphenyl ether gives a reference temperature near 26° C.; the melring 
pit of sodium sulfate decahydratc at 32.38° has also been used. The 
temperature of the casing, the oil inlet and outlet of the oil cooler, and t 
water inlet and outlet to the oil cooler are determined by means of resist¬ 
ance thermometers or thermocouples. . 

Speed Measurement.—To determine the speed of the centrifuge a 
stroboscopic tachometer may be employed, consisting of a vanaWe-npeed 
motor with a 40-hole stroboscopic disk on one end of the shaft and an 
electrical interrupter on the other end, connected to an electric vibration 
tachometer. With this tachometer a speed of 60 000 r.p^m. canib«^esti¬ 
mated to within about 1%. A more convenient method has been de¬ 
veloped by BjftmstShl.* 7 A zone on the rotor shaft is magnetized by sur¬ 
rounding it with a piece of the same kind of steel during magnetization, 
and a two-pole stator is mounted around it in the centrifuge casmg When 
the centrifuge is running an a.-c. current of the same frequency as the speed 
of the rotor is generated. This current from the magnetic generator goes 
to an amplifier and then to a vibrating-reed frequency meter, an oscillo- 

graph, or a frequency bridge. . 

Balancing.—A special balancing machine is used to balance the rotor 
both statically and dynamically to insure vibrationless operation. The 
rotor is supported at either end on V-shaped white-metal bearings 
mounted on stiff bands of spring steel. One of the springs carries a light 
rod with a mirror to enable the amplitude of the vibration to be measured 
by reflecting the image of a line-filament lamp from the mirror onto a 

« Y. Bjornst&bl, Rev. Sci. Instruments, 10, 258 (1939). 
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scale. The static balance is determined by bringing the rotor above the 
resonance speed of the springs and allowing it to coast down freely through 
this critical speed. By systematic addition of bits of wax the unbalance 
can be determined both as to position and magnitude. 

For dynamic balance the V-bearings are allowed to turn freely on their 
ball-bearing mounts so that the bending reaction can be observed. The 
process of determining the unbalance is similar to that for static except 
that the wax is positioned to reduce the couple about the axis through the 
rotor at right angles to the shaft. Static unbalance can be reduced to 
about 0.1 g. and the force couple in the dynamic unbalance to about 2 X 

0.01 g. 

Diffusion Apparatus.—In order to calculate a molecular weight from 
sedimentation-velocity data, it is preferable to make an independent 
static measurement of the diffusion constant. The cell devised by Lamm 68 
has been used for much of the protein investigations because it requires 
only 1 ml. of material. By means of a movable slide the solvent may be 
layered over the solution. The change of concentration with time at the 
boundary between the two liquids may then be followed by light absorption 
or by change of index of refraction. A detailed discussion of recent appara¬ 
tus is given in Chapter XII by Geddes on diffusivity. 

4. Air-Driven Ultracentrifuge 

A. SEDrMENTATION-VELOCITY TYPE 

The air-driven ultracentrifuge is a more recent development by Beams, 
Bauer, Pickels, and Wyckoff to provide a simpler apparatus for very 
high molecular materials such as the viruses and for following the purifi¬ 
cation and isolation of many biological materials. It does not have quite 
the resolving power of the oil-turbine ultracentrifuge, and is not suitable 
for running sedimentation-equilibrium experiments since it is not as stable 
at low speeds. The present refined instrument as represented by installa¬ 
tions in the Rockefeller Institute and available commercially in an improved 
electrically driven form through the Specialized Instruments Corporation 
of Belmont, California, is an outgrowth of the pioneer work of Henriot 
and Huguenard in 1925. 69 They realized speeds up to 660,000 r.p.m. with 
a rotor 11.7 mm. in diameter. 

Note added to proof : In a private communication, Pickels has given the 

68 O. Lamm and A. G. Poison, Biochem. J., 30, 538 (1936). O. Lamm, “Measure¬ 
ments of Concentration Gradients in Sedimentation and Diffusion by Refraction 
Methods,” Dissertation, Nova Acta Regiae Soc. Set. Upsaliensis, Ser. IV, 10, No. 6 
(1937). 

•* E. Henriot and H. Huguenard, Compt. rend., 180, 1389 (1925). 
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following description of the npp.r.tu. W.p-0 * 
nipnt s Corporation: 

“The Spinco ultracentrifuge is trough a^gh'-^pM^geaTtrain! 6 ^The 

trical motor of 1‘AH-P. rating, ;in< f ( . an he operated routinely at 60,- 

duralumin rotor, which is A • withjn an cvac uated chamber and is con- 

000 r.p.m., rotates about a vertica of a flexil)le x/ K in . steel shaft for pur- 

nected with 1t |' e drlV i ‘ ng m gp “^control and photographic registration of the sedi- 
poses o self-balancing. Sp d t J q{ ^ Phil p 0t ^ven S son cyl.ndn- 

srs" T.rr M o^sr„gie 

mmsm 
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an oil gland. This arrangement was gradually improved until it w P 
sible to rotate large duralumin cell-carrying rotors of about the same diame 
ter as the Svedberg rotors (180 mm.) and make use of similar optical sys¬ 
tems for photographing the sedimentation rates of protein molecules"V* 
viruses. A full description of the air-driven vacuum ultracentrifuge is 
given by Svedberg and Pedersen” but a brief account will be given here. 

This type of machine has been used both for studying the sedimentation 
of large organic molecules and, with the substitution of a specially designed 
angle centrifuge rotor, for the isolation and purification of viruses and 
other biological materials by Stanley, Pickels, and many other >nvest.ga- 
tors in the past ten years. The yellow fever virus was probably the first 

to be isolated with this instrument.” . .... . 

Driving Mechanism.—The present air-turbine drive is essentially that 
described by Bauer and Pickels”' " and further improved by Pickels 
Two systems of air jets are employed, one to support the turbine and its 
load, and a reverse set of jets to bring the rotor rapidly to rest from high 
speed. The oval-shaped rotor employed can be run at speeds of 60,000 


ip j. W. Beams. A. J. Weed, and E. G. Pickels, Science, 78, 338 (1933). 
7 » E. G. Pickels and J. W. Beams, Science, 81, 342 (1935). 

71 T. Svedberg and K. O. Pedersen, loc. cit., pp. 191-212. 

73 J. H. Bauer and E. G. Pickels, J. Expll. Med., 64, 503 (1936). 

74 J. H. Bauer and E. G. Pickels, ibid., 65, 565 (1937). 

7k E. G. Pickels, Rev. Sci. Instruments, 9, 358 (1938). 



666 


J. B. NICHOLS AND E. D. BAILEY 


r.p.m. without injurious vibration or convection currents to interfere with 
the sedimentation of protein and high-polymer molecules. Following is a 
general description of the assembly: 7 * 

The turbine, made of bronze or some other equally strong metal, has a diameter 
of 47 mm. It is provided with nineteen flutings cut around its periphery, and the 
angle of its cone-shaped base is 90°. The small size is adopted in order to minimize 
air friction. To the turbine is attached a length of straightened, spring wire, 2.5 
mm. in diameter, which serves as a drive shaft. This extends downwards through 
an oil gland into the vacuum chamber where the rotor is fastened to it by means of 
a special chuck arrangement. The driving power is supplied by air jets which 
impinge against the turbine flutings. These jets issue from eight equally spaced 
holes, each 1.5 mm. in diameter, which are drilled in the sleeve surrounding the 
turbine with a clearance of about 1.5 mm. The compressed air employed for driv¬ 
ing purposes is conducted from the air line through a flexible pressure tubing into a 
ring-like distributing chamber. The distributing chamber adjoins the sleeve, 
which is provided with two sets of jet holes, one of which is directed forward and 
the other directed so as to produce a reversed rotation. The braking action of the 
reversed jets is brought into operation by admitting compressed air into an air 
piston, which raises the sleeve support until the reversed holes adjoin the dis¬ 
tributing chamber. 

The rotating elements are supported by an air-bearing arrangement. A rubber 
ring made of 3-mm. round rubber belting rests in a groove of the metal stator. 
This ring supports and centers a Bakelite ring whose inner surface is machined to a 
taper of 45°. The turbine actually rides on a thin film of air escaping between its 
own conical surface and that of the Bakelite ring. The air necessary for bearing 
purposes is brought into the lower end of the central cavity of the stator after being 
filtered through a fine wire screen to remove any particulate matter that may be 
present. The clearance between the drive shaft and the small shoulder in the 
stator below the air inlet is about 0.2 mm. This was found to be sufficiently large 
to obviate the possibility of the shaft’s touching the stator, and yet small enough 
to prevent a great loss of air. 

The oil gland which serves to guide the drive shaft is 6.2 cm. long and the diame¬ 
ter of its central cavity is 6 mm. Into each end of the cavity there is forced a 
bronze bushing which is polished to an accurate bearing fit around the drive shaft. 
Lubricating oil of low vapor tension is forced under continuous pressure through 
a flexible copper tubing into the central cavity of the gland, where it lubricates the 
bearings and also forms a vacuum seal about the shaft. The oil escaping from the 
upper bushing drains through a copper tube into a container above the vacuum 
chamber. 

The above description gives the main features of a satisfactory turbine 
drive. As mentioned above (page 665), Pickels 75 has incorporated a number 

76 J. H. Bauer and E. G. Pickels, quoted from T. Svedberg and K. 0. Pedersen, The 
Ultracertrifuge. Clarendon Press, Oxford, 1940, p. 194. 
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Of improvements into the design for spinning large rotors. A detailed de¬ 
scription Sve. respectively, the vertical 

Vacuum Chamber F 8 chamber and a photograph of the as- 

cross-secfon v,ew ^ of a chrome -nickel steel cylinder and 

sembly. I he cna Rubber gaskets form vacuum-tight 

loinrbefwcen t°he cylinder and the top and bottom plates. The top 



Fig. 18 —Vertical cross-section view of vacuum chamber of air- 
l riven ultraccntrifugc: ( 1 ). upper steel end plate; ( 2 ),.rubber 
rashers for vacuum seals; (3) wall of steel cylinder, ) « r 
teel end plate; ( 5 ) turbine; ( 6 ) air inlet to dnv.ng jets; (7) stater 
8 ) oil container; (9) thermocouple lead; (10) mercury cup, (11) 
devated flooring; ( 12 ) electromagnetic shutter; (13) metal sleeve 
connecting with camera bellows; (14) upper quarts window; (15) 
•otor; (16) tapered steel stem of rotor; (17) circular Bakclite 
jasc; and (18) lower quartz window. Courtesy E. G. Pickels. 


plate holds the air-turbine unit and the oil gland through which the 0.1 - 
in. drive shaft passes to the rotor. The lower plate holds the fiex ‘ b| y 
mounted, hard-rubber mercury cup into which the end of the rotor shalt 
dips. A copper-constantan thermocouple, mounted in the same cup, 
measures the temperature of the rotor at high speed to within a few 
tenths of a degree centigrade. During the starting period there is con¬ 
siderable vibration, but the rotor shaft soon takes its equilibrium position 


” T. Svedberg and K. O. Pedersen, loc. cit., p. 198. 
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and then remains approximately centered in the cup. The optical system is 
similar to that in the Svedlxng ultracentrifuges. Quartz windows are pro¬ 
vided in the top and bottom plates in line with the transparent cells of the 
rotor and an electromagnetic shutter is located above the bottom window 
to protect it from dust and oil spray between exposures. 

The rate at which the rotor will warm up depends on the quality of the 
vacuum attained in the chamber. A Cenco Megavac pump or its equiva- 



Fig. HI.—Photograph showing details of vacuum chamber and 
driving mechanism: (1) steel cylinder of vacuum chamber; (2) 
air inlet to driving jets; (3) air bearing inlet; (4) oil inlet; (5) 
elevated flooring of vacuum chamber; (6) oil drain from upper 
iK'aring; (7) air piston of reversing mechanism; (8) upper end 
plate of vacuum chamber; (9) rotor; (10) device for measuring 
rotor temperature; (11) electromagnetic shutter; (12) lower end 
plate of vacuum chamber; and (13) steel supports of centrifuge 
chamber. Courtesy E. G. Pickets. 


lent is used to maintain a vacuum of approximately 10" 4 mm. of mercury 
during a run and a McCleod gauge is used as a pressure indicator. 

Rotors.—The rotors used have been constructed of 14 ST aluminum 
alloy and the design has followed somewhat that of Svedberg’s in being 
oval and having all excess metal removed which does not contribute to 
the strength of the rotor. Figure 20 gives a photograph of a rotor ca¬ 
pable of withstanding speeds of 60,000 r.p.m. with an average centrifugal 
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force In .he cell 260,0001 time. “ 

"SAtr « eon.,™,loo 1. - 

TJZXZX f” I “ts i»s» 

the mass involved in case of explosions only ^ jt J() the drivo 

When assembled coniple.e with. spec 9 kg. for the com- 

ESJSSSi S^biSt up .--down from 60,000 r.p.m. in about 13 

minutes. It requires only 22 lbs. per in. 
pressure and a flow of 12 ft.* of free a,r per 
minute to maintain this siieed. The tem¬ 
perature of the rotor rises less than 1 C. per 
hour in a vacuum of the order of 10 * nun. 
of mercury. 

Air Regulators.—The speed is controlled 
at a predetermined value with a system of 
air-pressure regulators. Four pressure lines 

lead to the centrifuge. The first line sup- pig 2 0.—Rotor of an air- 
plies air up to 60 lbs. per in.* to the driving dr|vcn ultracentrifuge (cour- 
jets with provision for greater initial pres- tesy E. G. Pickets). 

sure for rapid acceleration. The second line . . 

supplies air for the support ing bearing and requires critical adjustment w th 
a sensitive needle valve for the small flow of air supplied. The third line 
forces out lubricant into the oil gland. The fourth line brings the 

to the reversed jets. . 

Speed and Automatic Timing.-The speed may be measured strobo- 

scopically with the Strobotae (General Radio Co.), especially if multiples 
of the a.-c. line frequency are used. A combined stroboscope-timing de¬ 
vice is described in detail. 78 It depends on illuminating the turbine with a 
neon lamp connected with an electrical interrupter. The main parts of the 
device are a synchronous motor, a commutator drum, carbon brush, and 
neon lamp. The photographic timing device used in connection with the 
electrical interrupter consists of a series of concentric disks rotating at dif¬ 
ferent speeds. By means of a series of steel pins which can be plugged into 
holes on the periphery of the disks, and microswitches, a predetermined 



T. Svedberg and K. O. Pedersen, loc. tit., p. 207. 
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series of time intervals can l>c arranged for o|>cning and closing the shutter 
to make the photographic exposures. 

Optical System.—Figure 21 gives a diagram of the optical system. It 
is similar in most respects to that used in the Svedherg ultraeentrifuges 
(page 6o(>). The lenses used are the same as those described for tin* 
low-speed apparatus (page 652). For convenience of operation two 
cameras are used, one for the light-absorption method, and the other for 
the index of refraction method with provision for switching from one to 



Fig. 21.—Schematic view of optical system: (1) rubber belts conveying 
motion to wheels of adjusting screws; (2) sputtered aluminum mirror; 

(3) adjusting screws for mirror; (4) camera bellows; (5) crystal quarts 
prism; (f>) adjusting rods; (7) photographic lens for light-absorption 
system; (8) photographic lens for refractive-index system; (9) light- 

tilters; (10) mercury-arc lamp; and (11) optical bench. Courtesy E. G. 
Pickets. 

the other rapidly. Front surface aluminum mirrors mounted at 45° to the 
light path above and below the centrifuge enable the light beam to bend 
back on itself and thus recpiire a small total length for the apparatus. 

Beams and Black 79 and Skarstrom and Beams* 0 have developed a high-speed 
electrical drive in place of the air drive utilizing a magnetic support for the ro¬ 
tor. Very constant speeds are obtained by use of a vacuum tube oscillator cir¬ 
cuit to regulate the frequency supplied to a small high-speed induction rotor. It 
does not give as rapid accelerations as the air drive. 

B. PREPARATIVE CENTRIFUGE 

With an air-turbine drive, relatively large volumes of liquid up to 200 
ml. can be centrifuged in fields intense enough to remove large molecules 
such as viruses and high molecular weight proteins. Many biologically 
active materials too unstable to remain unchanged by salting-out proce- 

79 J. W. Beams and S. A. Black, Hev. Sci. Instruments, 10, 59 (1939). 

* C. Skarstrom and J. W. Beams, Rev. Sci. Instruments, 11, 398 (1946). 
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dures can be separated and purified f ° ,,0Wing 

the designs of Bauer and Pickets, andWydwfb ^ ^ & q{ sma „ 

The centrifuges of the angle type a * o d equally spaced 

tubes mounted at a definite angle between 25 and 4^ ^ ^ ^ The 
in a cone-shaped solid rotor suspended y , g uged for the se dimenta- 

rotor turns in the same high-vacuum « speeds; therefore, cellu- 

tion-velocity rotors. Glass tubes break at h:* a ,, commonly 

loid tubes available fromthe J s ted for leaks 

used for aqueous solutions. The *b hy , ene or Teflon sh ould 

caused by air bubbles in the walls. ^ coUapse above the 

be satisfactory for most organic f “ fuU as poss ible, the distortion of the 

meniscus, and unless they are fi degree of collapse 

tubes may interfere with sedimentation The sma,^a g 

which occurs even when the tube is properly filled can be pre 

use of aluminum caps.* 10 D L E Krejci, 

The following further details of technique come from Ur. B 

Biochemical Research Foundation, Newark, Delawai 

..v„„ > r -b,“r tt'KS 

off. Occasionally smaller molecules form gelatinous «aimen may 

product of the average centrifugal force, the total capacity of thecentn 
fuge, and the reciprocal of the projected distance, measured >udmlly, be- 
tween the surface of the fluid and the outer edge of he tubes. Sma 
angles from 10° to 20°, give the greatest efficiency, but large paitides \w 
not slide down along the wall of the tub. For genera, purposes; angU* 
near 35° are optimum and tubes of about 0.5-in. bore holding/cc. aie used. 

For removal of material of molecular weight below 100,000, speeds of 
about 50,000 r.p.m. are necessary, corresponding to 200,000 times gravi y- 
Convection is minimized by running the rotor in a high vacuum and by 
providing an opposing density gradient in the liquid. Stirring dun g 

.1 J. H. Bauer and E. G. Pickels. /. Exp,l Med.. 64, 503 (1936). R. W. G. Wyckoff 
and J. B. Lagsdin, Rev. Sci. Instruments, 8, 427 (1937). 

81a H. M. Terrill, J. Franklin Inst. t 237, 73 (1944). 

A. Tiselius, Kolloid-Z., 85, 129 (1938). 
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deceleration can be minimized by decelerating slowly just before stopping. 

For polyelectrolytes and proteins, sufficient salt should be present to 
eliminate the hindering effect of charge on the sedimentation. 

Figure 22 shows diagrammatically the sedimentation process in an angle 
centrifuge as compared with that in an ordinary centrifuge. It gains its 
speed of clarification by causing the particles to sediment only a short dis¬ 
tance at right angles to the axis of rotation until the wall of the tube is 
reached, at which point a thin film of concentrated sediment slides down 
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Fig. 22.—Schematic representation of sedimentation process in an angle 
centrifuge as contrasted with that in an ultracentrifuge cell. 1 * 


to the bottom of the tube. Assuming a convection-free centrifuging, the 
following formula may be used either for estimating the particle size or for 
determining the time required for removal of nearly spherical particles 
above a certain size : 82 



where t is the time in minutes, D is the radial distance from the boundary 
(or outer edge of the tube for complete sedimentation) to the axis, L is the 
radial distance in centimeters from the meniscus to the axis of rotation, 
77 is the viscosity of the medium, d is the average diameter of the particles 
in centimeters, d p and d m are the densities of the particles and the medium, 
respectively, and N is the speed in r.p.m. 

The first use of this “quantity” centrifuge was for the isolation and puri- 

” E. G. Pickels, /. Gen. Physiol., 26, 348 (1943). 
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fication of the virus o*^ fever 

that time the method has bcC0 ^/Xe" b oloica materials of submicro- 

- - e,obufc ' 

IV. METHODS OF MEASUREMENT 

Tto preceding c.cUo. «... d«cr ipl i.„. U Til 

the main types of for determining particle 

with the technique of carrjn mater i a l sedimentation constants of 

gs^asssss 

SSES-SSSHS 

given by Svedberg and Pedersen.** 

1. Distribution Curves of Colloids and Suspensions 

The low-speed ultraeentrifuge described in the previous section furnishes 
one of the most reliable methods of obtaining distribute curves of colloidal 
material from a few millimicrons in radius up to suspensions of several 
microns in radius by varying the speed and the viscosity of the medium em¬ 
ployed In addition to the distribution curve, information may be gained 
on the surface area, relation of light absorption to particle size for complex 
dyes, emulsions, micellar solutions of surface-active agents carbon black 
reinforcing agents, and the like. No information is obtained on the shape 
of the particles as in the electron microscope, but the ultraeentrifuge metho 
has a considerable advantage over any microscope method in that it give, 
a truly statistical average from the distribution curve obtained, whereas the 
electron microscope and the light microscope frequently give results of 
doubtful significance because of nonrepresentative fields. A weight aver¬ 
age is given by the ultraeentrifuge rather than a number average, but this 
is also of more interest in making correlations with certain physical proper- 

ties such as the light absorption. ...... , 

A system of particles containing different shapes is satisfactorily average 
in terms of an equivalent radius, the radius of a hypothetical spherical par- 


* 3 J. H. Bauer and E. G. Pickels, /. Exptl. Med., 64, 503 (1936). 
«« T. Svedberg and K. O. Pedersen, loc. cit.. pp. 237-273. 
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tide which sediments at the same rate as the actual particle for ellipsoidal 
particles with axial ratios less than 10 : l. 85 Since most colloidal material 
shows either a turbidity or an intrinsic light absorption, the light-absorption 
method is used in the main for these materials. The method of carrying 
Out the determination will be outlined in some detail because it merits more 
attention than has been given it up to the present. 

Since the reliability of the data obtained depends on the use of photo¬ 
graphic records with densities at the lower, more linear part of the charac¬ 
teristic curve of the plate, it is necessary to adjust the concentration of the 
suspension or emulsion to give approximately the desired range of blacken¬ 
ing on the plate between that of the 100% concentration and zero concen¬ 
tration (the medium). This may be done with an exterior colorimeter or 
light-transmission meter of some sort. Since it is usually desirable to make 
runs of duration of less than an hour, the exposures must be less than one- 
half minute to prevent undue sedimentation during the exposure. The 
characteristic curve of the Eastman Process plate or its equivalent has 
proved satisfactory. 

For aqueous systems a centrifuge cell 2 to 8 mm. thick is employed. In 
order to have the experimental conditions constant, a predetermined volume 
of the solution is introduced into the cells by a hypodermic syringe. With 
the cells used, 0.18 to 0.72 cc. was introduced to bring the meniscus to a 
distance 4.5 cm. from the axis of rotation. The solution was then layered 
with an immiscible liquid to prevent evaporation, the rotor chamber closed 
and surrounded with thermostating liquid, and the hydrogen admitted to 
the rotor chamber and controlled to a few bubbles per second. The initial 
picture representing the original concentration of the system was taken at 
very low speed or at rest with a rotating sector wheel in the beam. The 
rotor was arranged to take three samples simultaneously together with a 
calibrating wedge for the photographic plate. It was possible to view each 
cell independently by means of the cell selector described on page 655. 

Calibrating Wedge.—The calibrating wedge is a 1-mm. thick sectorial 
metal diaphragm with its apex toward the periphery of the rotor so that 
it transmits gradually less light with distance out from the center of rota¬ 
tion. A reference hair line is located near the inner end of the wedge. 
For measurements in the blue region of the spectrum (at an average wave 
length of 444 m m with the Pointolite source, Wratten blue C filter, and East¬ 
man Process plates), the wedge is calibrated with a series of concentrations 
of potassium dichromate solution containing a little hydrochloric acid to 
stabilize the dichromate ion. The photographic plate with the exposures 
of the series of concentrations and the wedge is photometered and the cali- 

» H. Rinde, “Distribution of the Sizes of Particles in Gold Sols.,” Dissertation, 
Uppsala, 1928. 
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mate to distance along the « edge r th hic strip correspond- 

«—»*•— 

concentration. . tion of concentration of the substance 

und^xlmln^o^^^lackening on the plate 

rrr sr. rM«. 



Fig. 23.—Concentration - galvanometer deflection relation for Nujol 
emulsion NE-2B calibrated by means of wedge method, wedge 


is the photometer curve. 


20 % ... up to 100% of this concentration (and of the solution being 

studied). ’ Then from the photometer curve of the wedge on the same plate 
as the sedimentation pictures, the galvanometer deflection corre *P°" d ' * 
to these points may be picked off and plotted against concentrate of the 
substance Figure 23 gives the curves to make the operation clearer. 

After the rot^and its contents have reached temperature equilibrium >n 
about 20 minutes, the centrifuge is brought up to the predetermined speed 
for the experiment, depending on the rate of movement of the material 
expected, so that a series of exposures at approximately 10 -minute intervals 
may be taken of the sedimenting system until the boundary has moved 
about half the distance along the cell as judged by inspection The bound¬ 
ary should have a diffuse, even gradient of color or turbidity if the operating 
conditions are satisfactory. A sharp boundary with possible nonuni¬ 
formities in color indicates convectional disturbances. The plate is de- 
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veloped with a developer of average contrast such as a metol-hydroquinone 
type. 

Photometering. —The negative is photometered to obtain a record of 
the sedimentation curves and the calibrating wedge in terms of galvanom¬ 
eter deflections and distance along the cell. The Siegbahn microphotom¬ 
eter 88 has proved very satisfactory for this purpose. In this photometer 
exact coincidence between the distance along the recording plate and the 
distance along the sedimentation strip is obtained by use of a variable- 
angle, machined-surface wedge on the arm carrying the recording plate. 
This arm is then driven down slowly past the window of the photometer and 
at the same time the wedge gives a proportionate horizontal displacement 
to the sedimentation plate. With a 2X magnification on the centrifuge 



Fig. 24.—Sedimentation curves for Nujol emulsion NE-2B in 65% aque¬ 
ous glycerol: (a) photometer curves; (6) concentration - distance curves 
converted from photometer curves by means of calibration curve of fig. 23. 


plate and 5X further on the photometer, the tenfold magnification of the 
record of galvanometer deflections against distance gives the record in a 
form well suited for further analysis. 

Figure 24a gives a series of photometer records of a sedimenting Nujol 
emulsion in an aqueous medium containing 65% glycerol. Since the den¬ 
sity of the droplets is less than that of the medium, the sedimentation is from 
the outer end of the cell inward. These curves are then traced off onto 
transparent cross-section paper such as Schleicher and Schlill No. 307V 2 . 

Calculation of Distribution Curve.—The photometer curves of figure 
24a are changed from galvanometer deflections to concentration vs. 
distance curves by means of the concentration-galvanometer deflection 
calibration obtained by use of the wedge as just described (page 675 and 
Fig. 23). The resulting curves for 7, 12, and 21 minutes after the start of 
the centrifuging of the Nujol emulsion are given in figure 246. It will be 

M E. Backlin, Z. Inslrumenlenk., 47, 373 (1927). 
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M„'« SnSvie r «,. «kd*d by ■»»» of <h« «P—» ; 

2.303 X 9l 

r* = K log x/x„, where K - 2 (rf, - d^H 

* - *s-=-Ji: rr=£sr.= 

SX-E 

m the sDced viscosity, time, and difference in density. 

A special slide rule has proved a convenience for converting thei va 
of r and Ar 0 from the values of the standard sheets. 1he logarithms o 
1; and Aro values of the standard sheets are plotted on the slider, label¬ 
ing them with the corresponding values of (i - *o) rather t an r ™ and ^ 
The edges carry regular log scales onto which the slider can be set at t 
value of VK, and the series of particular r„ and Ar„ values are read off 
without shifting the slider. Table II gives the^calculationsheet. for the 

Nujol emulsion in 65% glycerol, the sedimentation cur^s of " h “ h " e 
given in figure 24b. It refers to the exposure made 7 minutes after the 
start of the run. Figure 25 gives the distribution curve obtained by plot- 
S?2£ against £ for the three times, 7, 12, and 21 rmnutes after 
the start, represented by the sedimentation curves in figure 24b. Ihe 
median radius of this distribution curve is 114 m/i and the area under the 



678 


J. B. NICHOLS AND E. D. BAILEY 


curve corresponds to 97% of the original material. The median radius 
is that which divides the distribution curve into two equal parts. 

Since the scattering varies somewhat with particle size for transparent 
materials and the light absorption varies considerably with particle size 
for colored materials, this distribution curve has in it implicitly the relation 


Table II 

Calculation Sheet for Nujol Emulsion Distribution Curve 
in 65% Glycerol (NE-2B)* 


BB 

r* X 10» 

Ar, X 10* 

Cl 

Ac, 

ES9 

0.01 


0.327 

2.4 

2.4 

7.3 

0.02 


0.135 

5.4 

3.0 

22.2 

0.03 


0.104 

9.5 

4.1 

39.5 

0.04 



14.0 

4.5 

50.7 

0.05 



19.0 

5.0 

64.2 

0.06 

0.76 

0.071 

24.5 

5.5 

77.5 

0.07 


0.0655 

30.0 

5.6 

84.0 

0.08 


0.0615 

35.8 

5.8 

94.3 




41.5 

5.7 

98.3 

0.10 

1.00 

0.0548 

46.3 

4.8 

87.6 

0.12 

1.08 

0.103 

55.0 

9.7 

94.3 

0.14 

1.18 


62.5 

7.5 

78.2 

0.16 

1.26 


69.3 

6.8 

75.6 

0.18 

1.35 


75.8 

6.5 

76.5 

0.20 

1.43 

0.081 

80.8 

5.0 

61.7 

0.22 

1.50 

0.0785 

84.7 

3.9 

49.7 

0.24 

1.57 

0.0755 

88.0 

3.3 

43.7 

0.26 

1.64 


91.0 

3.0 

40.9 

0.28 

1.71 

0.071 


2.5 

35.2 

0.30 

1.77 

0.0695 

1 nSmSEMi 

2.0 

28.7 

0.35 

1.88 

0.167 

IMEsSf 

4.0 

23.9 

0.40 

2.02 

0.160 


3.0 

18.7 

0.45 

2.15 

0.154 


1.5 

9.7 

0.50 

2.28 

0.149 

nl 

0.9 

6.0 


° Constants: l = 7 min.; N - 7200 r.p.m.; 17 = 0.098 poise; <d p - d m - - 0.291. 
b Aa/bro is equivalent to dc/dr. 


of light absorption to particle size. Use has been made of this fact in es¬ 
tablishing the variation of light absorption with particle size, refractive 
index, and wave length, 87 and for the development of a method for the de¬ 
termination of the average particle size and the nonuniformity coefficient 
to characterize the distribution by spectral transmission measurements. 88 
The method of calculation of the distribution curve when the light-absorp¬ 
tion coefficient of the sedimenting material varies with the molecular weight 
or particle size is given in considerable detail by Svedberg and Pedersen. 89 

E. D. Bailey, J. B. Nichols, and E. O. Kraemer, J. Phys. Chem 40,1149 (1936). 

» E. D. Bailey, Ind. Eng. Chem., Anal. Ed. t 18, 365 (1946). 
w T. Svedberg and K. O. Pedersen, loc. cit., p. 338, 
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It includes a description of the product a material 



Fie. 25.—Particle-size distriouuon curve 
from sedimentation curves of figure 24. (O) data from T-minute curve. 

(V) 12-minute curve, (0) 21-minute curve. r m - 114 m. f area. 
97 % of original concentration. 

2. Sedimentation Equilibrium 


A. GENERAL 

Under this section are given the method of measurement and calcu¬ 
lations involved in obtaining the molecular weight of a uniform eosin dye 
bv the establishment of sedimentation equilibrium using light absorption 
as the recording method. This will be followed by an example of the use 
of Lamm’s scale method for determination of the variation of molecular 
weight along the cell for a polydisperse substance, cellulose acetate in ace¬ 
tone, and the outline of the calculations involved in determining the M, 

» E. D. Bailey, J. B. Nichols, and E. O. Kraemer, paper read before the Division of 
Colloid Chemistry, 88th meeting of the American Chemical Society, Cleveland, kept. 
10-14, 1934. 
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and M u averages and the nonuniformity coefficient, 0 , to characterize the 
distribution curve of molecular weights. 

Where the ideal gas law is assumed to be valid, the molecular weight of 
a monodisperse substance is calculated from: 


M 


2 RT In fa/c,)_ 

(1 - V„W( X \ - X*) 


(51) 


This equation is derived on page 641 of the theoretical section. The data 
required for the calculation are the variation of concentration with dis¬ 
tance along the cell or the variation of line displacement, Z, with distance, 
where the Lamm method is used. It should be pointed out that the re¬ 
fractive-index methods register the sum of the concentration gradients for 
all substances present in the solution, whereas the light-absorption method 
follows the sedimentation of the colored component only. Also it is neces¬ 
sary to perform an integration to convert the Z-displacement curve to a 
concentration-distance curve, whereas the light-absorption method gives 
this directly. 

The general procedure is to run the centrifuge at such a speed that the 
ratio of concentrations from top to bottom falls in the range of 1 to 2 and 
1 to 5, with the range 1 to 3 desirable. For substances like proteins con¬ 
centration should be less than 1%, but for polydisperse organic polymers 
like cellulose acetate, the concentration should be as low as possible—0.1% 
or less. Furthermore, these solutions show the anomalous osmotic behav¬ 
ior of high polymers and a correction should be introduced for the concen¬ 
tration variation as described on page 643. 

The cell thickness is from 2 to 12 mm. and the scale distance usually 10 
cm. for the maximum displacement of the lines photographed. In unusu¬ 
ally favorable cases, such as with a highly absorbing heavy dye like sodium 
erythrosinate, even a low concentration gradient along the cell will give a 
good estimate of the molecular weight. 91 Figure 26 gives the photometer 
curve of the original solution and the same at sedimentation equilibrium. 
The concentration range from top to bottom is only from 0.45 to 0.55%. 
For sedimentation-equilibrium methods, a short length of column is advis¬ 
able, 3 to 7 mm., to avoid an unduly long time of centrifuging. With a 
column height of 5 mm., several days are required to reach equilibrium for 
a simple protein system like hemoglobin, whereas for a long-chain polymer 
like cellulose acetate, two to three weeks of continuous centrifuging may be 
required. 

The molecular weight is calculated for 0.05 cm. x intervals to ascertain 
whether the material is uniform in molecular weight or shows a drift. The 


•» J. B. Nichole, Nature, 125, 814 (1930). 
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Fig. 26.—Photometer record of the centrifuging 
of sodium erythrosinate: horizontal line, initial 
uniform concentration; sloping line, after equilib¬ 
rium. 

tions’ 2 indicate that it never affects molecular weight seriously unless 
concentrations are high and unless in a three-component system one mem¬ 
ber is held by the solute more strongly than the other. This situation was 
observed in the determination of the molecular weight of a nylon, poly- 
hexamethylene adipamide, in phenol-chloroform, and in dichloroacetic 
acid-chloroform mixed solvents. 93 

B. LIGHT-ABSORPTION METHOD 

If the substance has a favorable absorption band in some region of the 
spectrum not absorbed by the solvent, the light-absorption method may be 
employed. Although it is not quite as sensitive as the refraction methods, 

” W. D. Lansing and E. O. Kraemer, J. Am. Chem. Soc., 58, 1471 (1936). 

•s j. B. Nichols, “The Colloid Aspects of Nylon,” in J. Alexander, Colloid Chemistry. 
Vol. VI, Reinhold, New York, 1946, p. 1085. 
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it has the advantages mentioned earlier of determining the molecular 
weight of only the substance absorbing in the region of the spectrum em¬ 
ployed and yielding the concentration-distance curve directly. Therefore, 
it is possible to study several materials simultaneously if they possess dif¬ 
ferent absorption bands. As an example of the use of this method for a 
colloidal electrolyte, measurements made on the sodium salt of eosin, the 
bromine derivative of fluorescein, 94 are described. 

A solution of sodium eosinate dye, 0.5 g. per 100 ml. in 0.2 M sodium chloride 
solution to repress the electrical potential, was put in a 2-mm. centrifuge cell, the 
bottom of which was 5.97 cm. from the axis of rotation and the meniscus of the 
liquid 5.53 cm. The illumination was from a Pointolite lamp. Temperature of 
the run was 30.4° C. and the speed 11,700 r.p.m. The partial specific volume V = 
0.4625, density of the solution, p = 1.000, 1 — Vp was 0.5375. 

The photographic plate was calibrated with a series of dilutions of the 
same solution. The run was considered completed when there was no 
change in the concentration along the cell over a period of a day. For a 
high-polymer solution which reaches an equilibrium slowly, the gradient 
should be constant over a several-day period. Pedersen finds that the 
latent image grows for some time after exposure. Accordingly, he stores 
the photographic plates for two days after the final exposures before de¬ 
veloping them. The wedge calibration (page 674) may also be used for 
establishing the concentration-blackening curve for the plates used. A 
process type of plate has been found to be satisfactory. 


Table III 

Sedimentation Equilibrium of 0.5% Sodium Eosinate in 1% Sodium Chloride 

Solution® 


Distances, cm 

Mean concentration 

Log (ci/ei) 

M 

XI 

XI 

Cl 

Cl 

5.92 

5.87 

103.93% 

102.52% 

0.00593 

1446 

5.87 

5.82 

102.52 

101.20 

0.00563 

1385 

5.82 

5.77 

101.20 

100.06 

0.00492 

1219 

5.77 

5.67 

100.06 

97.66 

0.01054 

1324 

min 


Average: 1343 


® Speed = 11,700 r.p.m.; (w = 390r); mean centrifugal force = 8.65 X 10* dynes; 
T = 303.5°; Eastman Process plates; parallel light—no filter; length of column = 
0.44 cm.; exposure times = 30 min.; photographic records taken 13.5, 18, 24, and 36 

hours after the start. . . . __ 

Molecular weight of Na, (Na eosinate), = 1384. Ionic weight of (Na eosinate), 

= 1338. 


•« J. B. Nichols, Physics, 1, 262 (1931). 
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Scitr S rJht is performed as indicated in table III. The dye appar- 
r t y S ts involution as molecules (or ions) of twice 

A more complete discussion of the technique is given by Svedberg and 
Pedersen 95 with a colloidal Congo red dye as the example. 


C REFRACTION METHODS 

The Lamm scale method and the visual slit method may be used for 

segmentation-equilibrium measurements (page 647). In the first metho 
the refractive-index gradient is determined as a function of distance from 
the axis of rotation, and in the second the positions of a series of known 
refractive-index gradients are located along the column. Both methods 
eventually yield dc/dx as a function of distance: 


Z = Gab— = Gab—j- (scale method) 
dx dc dx 


(52) 


ab dn 
A = G t dx 


ab dn dc , ... 

— — — (slit method) 
Gi dc dx 


(53) 


Here A is the distance of the slit from the zero position and Gi is the 
enlargement of the image of the slit at the observation plane. On the 
assumption that the original concentration of the material is present at 
the end in an unchanged form, the variation of concentration with distance 
may be calculated from the dc/dx, x curve.* 6 It was mentioned earlier 
that the necessity of integration to determine concentrations is a feature ol 
the refractive-index method. 

Kegeles 97 has developed a prismatic cell to avoid the necessity of inte¬ 
gration by measuring both concentration and dc/dx in the same run (page 
650). 

If the concentration or the refractive-index increment, dn/dc, is difficult to ob¬ 
tain, the change in refraction (n, - n 0 ) may be obtained by making a diffusion or a 
sedimentation-velocity run on the same solution. The molecular weight may be 
obtained from equation (51) (discussed under theory, page 641) or the differential 
form: 


» T. Svedberg and K. O. Pedersen, loc. cit.. p. 309. 

•• K. O. Pedersen, Biochem.. J., 30, 948 (1946). T. Svedberg and K. O. Pedersen, 
loc. cit., p. 312. W. D. Lansing and E. O. Kraemer, J. Am. Chem. Soc., 57, 1369 (1935). 
97 G. Kegeles, J. Am. Chem. Soc., 69, 1302 (1947). 
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_ 2RT(dc,dx),_ 

(1 - VpWzt, 

Lamm 58 has shown that it is not necessary to integrate to obtain the concentration 
for a monodispersc material because Z*X\/Z\X« can be substituted for ca/c*. Lan- 
sing 86 has developed an analysis for |>olydispersity based on the Z,x curves. 

Scale Method.—As an illustration of the use of the scale-displacement 
method for estimating molecular weight and polydispersity of a high 
polymer, cellulose acetate in acetone, the following outline is given. In 
view of our present knowledge of the behavior of high polymers in solu¬ 
tion, the final result is subject to some error because of the concentration 
dependence of the polymer. Wales ct al." have shown how to take into 
account the deviation from ideal behavior through the use of thermody¬ 
namic data from osmotic-pressure measurements. 

The general procedure in the scale method is to make a reference scale 
run with solvent only, taking pictures of the scale through the liquid after 
a day, running at the speed selected for the solution determination. From 
the small displacements of the lines the reference scale is constructed to be 
subtracted from the final positions of the lines at equilibrium in order to 
obtain the Z displacements. This solvent run is required because of 
slight strains and distortions in the cell, especially with the clamped type 
of cell used for organic solutions. 

After the solvent run, the solution run is started, inserting the desired 
volume of solution into the cell by a capillary pipette or hypodermic 
syringe. The centrifuge is then run continuously at constant temperature 
until test pictures indicate the approach of equilibrium. The final pictures 
are taken over a period of 2 or 3 days to supply the data for the calculation 
of molecular weight. 

A Vrin. hole bored through the rotor between the cell hole and axis 
serves as a reference point for undeviated images of scale lines. The 
photographic strips bearing the images of the displaced lines of the scale 
are measured from one of the undeviated reference lines taken as zero by 
means of a good microscope comparator. The plate is moved by a microm¬ 
eter screw of Vr-mm. pitch which carries a large wheel divided into 500 
equal parts, thereby enabling a direct reading to 1 m- The screw of this 
comparator was very carefully checked and is probably accurate to within 
0.001 mm. in 10 mm. The scale used in the sedimentation equilibrium is a 
photographic reproduction of a Zeiss scale with distances of 0.2 mm. be¬ 
tween lines. The pictures required to locate the meniscus and bottom of 

88 O. Lamm, Z. physik. Chem., A143, 177 (1929). 

58 M. Wales, M. Bender, J. W. Williams, and R. H. Ewart, /. Chem. Phys. t 14, 353 
(1946). 
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mine the lines coinciding with the meniscus and bottom of the solution. 

Procedure for Calculation.-The sedimentation equilibrium determined on a 

Cramer Super Contrast; light filter, .-methylesculetin- U, isolate theJ36 mM 
mercury line, dn/dc = «... = 0.00123; temperature, 19.9 C„ speed, 7065 
r.p.m.; V = 0.465; p = 0.792. 

Scale pictures were taken of the solvent alone after a day at speed and 
then the solution was centrifuged for 6 days with occasional test Pictures to 
follow the approach of equilibrium. Equilibrium pictures at 163, 87, and 
211 hours were taken, which showed good agreement in displacements. I he 
comparator readings were made on the reference-run exposures and a uni¬ 
form scale set up, with one of the readings at the middle of the column taken 
as standard. From this the standard reference scale was prepared by add¬ 
ing or subtracting deviations from the uniform scale obtained from the 
smoothed curve through the reference-run line-displacement data, the 
comparator readings from the equilibrium pictures were then subtracted 
from the corresponding standard scale lines to obtain the Z displacements 
of the lines. As mentioned before, one of the undeviatcd lines through the 
circular opening in the rotor is selected as the reference point and all strips 
are adjusted to the same comparator reading for this line. 

The Z displacements are still in terms of scale divisions. In order to 
convert the scale divisions to distances from the axis of rotation, the posi¬ 
tions of the scale lines corresponding to the meniscus and bottom are noted 
from the picture taken halfway between the cell and the scale. _ The dis¬ 
tance of the bottom of the cell from the axis is constant, 5.304 cm.; 
the height of column is determined from the picture focused on the cell as 
0.481 cm. This distance is equal to 26.5 divisions, and therefore each di¬ 
vision is 0.0181 cm. Thus, starting with division 96 at the bottom of the 
cell, 5.304 cm., the successive divisions are known in terms of cell distance 
up to the meniscus at 122.5, equivalent to 4.823 cm. However, the meas¬ 
ured line position is displaced from its original position by the amount of 
displacement. 


00 W. H. Aughey and W. D. Lansing, Phys. Rev., 44, 326 (1933). 
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Accordingly, the Z displacements are plotted against the distances just 
determined on a special chart with, for example, cell distance in centi¬ 
meters along the bottom, Z displacement in microns along the side, and 
scale divisions along the top. If the maximum displacement is approxi¬ 
mately 500 n, the scale lines are displaced half a millimeter at the top from 
the cell distances at the bottom, corresponding to zero displacement. A 
series of parallel lines are then drawn from the top to the bottom connecting 
the position of the line at 500 n displacement with its x distance at zero 
displacement. The x,Z displacements measured may then be plotted on 


SCALE DIVISIONS — 



Fig. 27.—Sedimentation equilibrium of cellulose acetate CA-38 in 
acetone. Line displacement curve, Z, vs. distance from axis of rota¬ 
tion, x; and calculated concentration, c x , vs. distance curve. 


these lines, corresponding to scale divisions. This gives the actual posi¬ 
tion in the cell of the Z displacement by reading down vertically to the x 
distance. This is shown in figure 27. 

Another method for transforming the comparator readings to distance 
from axis of rotation is given by Svedberg and Pedersen. 101 Table IVA 
gives the data used in obtaining the molecular weight M lx along the column 
of the cell. The values of Z displacements are read off the smoothed curve 
of figure 27. 

The curve was extrapolated to the meniscus and bottom by back-calcu- 
ating from the extrapolated M a vs. x curve. These values were used to 


101 T. Svedberg and K 0. Pedersen, loc. cit., p. 317. 
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c „ w ,h« further an,ly« of the data 

^£*2ZZZX£ :ithe Z r of 
methods of Lansing. «nn*;iderable polydispersity as was to be ex- 

p,S%t g »oi^« Sh, « calculated aceordiu, to e,u.tiou (37) 
given on page 641. 

Table IVA 

S E u,ment A t,on Equilibrium of Celluu.se Acetate ,n Acetone 


* 

z 

_ Ztzi 

Lot zr« 

l 

- H - 

Mu 

(exptl.) 


. C* 

Lo«- 

4.823 

29.7 

0.106 

0 . 701)0 

64,000 

0.0384 

0.0476 

0.0933 

4.90 

38.0 

0.088 

0.4925 

79,000 

0.0568 

0.0767 

4.95 

47.0 

0.080 

0.4975 

71,000 

0.0661 

0.0658 

5.00 

57.0 

0.098 

0.5025 

86,000 

0.0793 

0.0791 

5.05 

72.2 

0.106 

0.5075 

92.000 

0.0954 

0.0803 

5.10 

93.0 

0.118 

0.5125 

101,500 

0.1160 

0.0849 

5.15 

5.20 

123.0 

170.7 

0.138 

0.198 

0.5175 

0.5225 

117,500 

167,000 

0.1432 

O 1850 

0.0915 

0.1112 

5.25 

5.304 

271.8 

561.0 

0.311 

0.5699 

242,000 

v « A 

0.2619 

0.1510 


M 


HI 


55,000 

68,700 

58,300 

69,500 

69,800 

73,000 

73,000 

93,900 

117,000 


(ct — Cl) 

X 10’ 


1.67 

1.34 

1.59 

1.90 

2.31 

2.82 

3.49 

4.46 

6.57 


2 « 26.15 X 10 “ ? 


M , _ 0 223 5 , 85,500 

26 . 15X10 -’ 


a From table IV11, page 688. 

Determination of Polydispersity.-In order to obtain an estimate o f 
l .iwnprsitv the Z average and the weight average molecular weights, 
urS be «"«!.«d (rear the dad, iu table IVA. A Emph 
method satisfactory for monodisperse substances is given by Svedberg ant 
Pedersen' 03 on the assumption that the concentration of the midpoint of 
LluTL the same as the original concentration. This enables conver¬ 
sion of dc/dx values to c values along the column. 

The integration method described by Lansing was used for the cellulose 
acetate data. Starting with the Z displacements and the M values f.om 
the M a vs. x curve, the M, average is calculated from the relation. 

.« W. D. Lansing and E. O. Kraemer. J. Am. Chem. Sot., 57, 1369 (1935). 
ioj T. Svedberg and K. O. Pedersen, loc. cit., p. 318. 
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Zt/b - Z«/° 

:hzdx 


M, 
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(55) 


, , . . _ in t u blc IVB in the third, fourth, and fifth columns. 

Zdx = (Zt/xt - ZJx\)/Mtx ( ° } 



Fig. 28.—Molecular weight distribution curve of cellulose 
acetate CA-38 in acetone. M, - 165,000, = 86,000, M » 

44,000, 0 « 1.15. 


The concentration increment above that at the meniscus, c x 
determined (columns 6 and 7) from the relation: 

_ fa'Zdx 

Cx Ca ' 2 AGab (< in/dc) X 10< 


c a , is then 


(57) 


where A is equal to 2.303R77U - V»<-’ and R = 83.13 X 10'. The total 
value of the increment c, - c. to the bottom of the cell is then determined 

from the equation: 


fa (c, - C a )x dx 

7,(6* - a 1 ) 


(58) 


The numerical calculations are given in columns 8 and 9. The summation 
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of column 9 divided by the denominator of the above expression gives 
0.0641 as the value of c x — c a down to the bottom. But the original con¬ 
centration was 0.1026. Therefore, c a is 0.0384 and the values of c z — c„ 
in column 7 may be added to this to obtain c z in column 10. Having once 
obtained the values of c x for the different x distances, the corresponding 
values of M wx may be calculated and are given in table IVA on page 687. 

In order to obtain the weight average, M u , the following relation is used : 

M. = - (59) 

£ w" fe - C >) 

a i re 

In this manner M w was found to be 85,600 compared with the M z value of 
165,500. By use of the logarithmic distribution function of Lansing 102 - 10 « 
it is possible to calculate a nonuniformity coefficient, 0, from the relation 
M Z /AI U = The value found for this sample of cellulose acetate was 

1.15. Similarly, the number average value may be calculated as 44,300. 
Osmotic determination of \I n gave 42,000, in good agreement. The dis¬ 
tribution curve may be calculated from the distribution function and is 
shown in figure 28 on page 689. 

3. Sedimentation-Velocity Measurements 

The development of the high-speed ultracentrifuge by Svedberg made it 
possible to obtain for the first time exact information concerning the de¬ 
gree of nonuniformity of dissolved high molecular weight substances. 
Most of the proteins were soon found to be either monodisperse or to con¬ 
sist of only a few components. However, degraded proteins and all of the 
organic high polymers are polydisperse. With the high speeds available 
sedimentation velocity would seem to offer the best possibility for separa¬ 
tion of different size classes and the determination of polydispersity. Ac¬ 
tually there is a strong concentration dependence produced by interaction 
among much elongated polymer molecules and an actual felting at high 
concentrations with a resulting independence on molecular weight. With 
adequate extrapolation to zero concentration, however, an opportunity 
is afforded of obtaining information on the shape factor or configuration 
of the molecule in the solution. Also the presence of double maxima, or of a 
gel fraction and its relative amount, may be demonstrated. 

As to limitations, in addition to the difficulty of extrapolating to zero 
concentrations for the sedimentation constant, the method is not self- 
contained, because it is necessary to supply diffusion data or osmotic or 
sedimentation-equilibrium data from a separate measurement to estimate 

101 T. Svedberg and K. O. Pedersen, loc. cU. t p. 351. 
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molecu |ar weight. Also, Jullander and Singer'" have pointed out 
,hat the average obtained by combination of sedimentat.on and diffusion 
L a hybrid average lying between U. and .1/.. Convection may also 


Meniscus 

Protein 
Components! 


■ ■ill 


Index 



Fig. 20.— Sedimentation pictures obtained by light-absorpt ion method 
(at top) and curves of concentration distribution for Limulus hemo- 
cyanin at pH 6.8 (at bottom) (Svedberg 107 ). Sedimentation constants 
of components, 56.5 X lO"”, 34.6 X 1<)-” 16.1 X lO"'*, and 5.9 X 
10~ ,a . Centrifugal force, 120,000 times gravity. Time between ex¬ 
posures, 5 minutes. 

enter for concentrations lower than approximately 0.05% for temperature 
variations of the order of 0.01° C. 

The first substance investigated in the sedimentation-velocity cent rifuge 
was carbon monoxide hemoglobin 106 by means of its strong light absorpt ion 
l0S I. Jullander, Arkiv Kemi Mineral. Ged., B19, Xo. 4 (1944); J. Polymer Sci., 2, 
338 (1947). S. Singer, Polymer Bull., 1, 79 (1945). 

108 T. Svedberg and J. B. Nichols, J. Am. Chem. Soc., 49, 2920 (1927). 

107 T. Svedberg, Ind. Eng. Chem., Anal. Ed., 10, 116 (1938). E. G. Pickels, Chem. 
Revs., 30, 351 (1942). 
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in the blue region of the spectrum. Figure 1 (page 627) gives a reproduc¬ 
tion of the sedimentation pictures taken at half-hour intervals along with 
the calibrating concentration scale. The gradually increasing dilTuscness 



Fig. 30.—Sedimentation pictures for Limulus hcmocyanin (Sved- 
berg 107 ). Obtained by Toepler Scblieren method at pi 1 6.8, showing the 
three fastest sedimenting components of s - 56.5 X 10"'*, 34.6 X 
10~ IJ , and 16.1 X 10Centrifugal force, 120,000 times gravity. 
Time between exposures. 5 minutes. 


of the boundary results from the diffusion occurring during the sedimenta¬ 
tion. The fine gradation is proof of convection-free operation. The curves 
of concentration as a function of distance from the meniscus are also shown 



Fig. 31.—Sedimentation diagram for Limulus hcmocyanin (Svcd- 
berg ,o; ). Obtained by the refractive-index method at pH 6.8, showing 
the same four main components as in figure 29 and also a small amount 
of a fifth. Centrifugal force, 120,000 times gravity. Time after reach¬ 
ing full speed, 35 minutes. 


in figure 1, obtained by photometering the exposures, converting galvanom¬ 
eter deflections to concentrations as indicated earlier (page 676), and 
multiplying each curve by the ratio {xjx 0 ) 2 to correct for the effect of radial 
spreading and increase in centrifugal force on the concentration. 
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The sedimentation constant is often a con- 

subs,anee. Van i%r 3 T'and“ J^nt four of the commonly used 

rh*»“”pSi™iy Wt *-*»• *** L “" 




REFERENCE BANDS 
FOR DETERMINING 
RADIAL POSITIONS 



REFERENCES SHOWING 
ZERO DEVIATION 


Fig. 32.—Sedimentation pictures of a monodisperse Limulus hemo- 
cyanin (Pickels 107 ). Obtained by the PhilpotrSvensson Schlicren 
method. Speed 18,000 r.p.m.; cell thickness, 3 mm.; approximate 
concentration 1.45%. 


scale, and Philpot cylindrical lens methods. The Limulus hemocyanin is a 
colored protein with several components as indicated by the first three 
methods. A different sample was used for figure 32. 

The Toepler Schlicren method is the simplest to obtain an approximate 
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idea of the sedimentation rate (Fig. 30). The most accurate procedure for 
obtaining the real concentration distribution in the sample is by the scale 
method already described (pages 647 and 684). By measuring the displace¬ 
ment Yj of the lines, the concentration gradient, dc/dx, is obtained as a 
function of the distance from the center of rotation. Therefore, instead 
of an inflection point obtained in the light-absorption method (Fig. 29), a 
maximum on the Y,x curve is obtained for each molecular species (Fig. 31). 

By combining diffusion and sedimentation data, the molecular weight 
of each species may be calculated according to the equation given in the 
theoretical section (page 626): 

M = RTs/D( 1 - Vfi) ( 60 ) 

The diffusion constant may be calculated from the same data used for 
determining the sedimentation constant but usually a more static method 
is required to give the best value of the diffusion constant . This is because: 
(a) even a slight convection will sharpen the boundary and give a falsely 
low diffusion constant since it depends on the square of the displacement 
from the zero point of the diffusion curve (60% concentration); (/;) the 
time of the run is usually too short for much diffusion to occur; and (c) 
the starting time is somewhat uncertain. The method of calculating the 
diffusion constant from the sedimentation diagram obtained by the light- 
absorption method is given by Svedberg and Pedersen. 10 * Several different 
methods of calculation are available when the scale method is used. 100 
(See also chapter XII on diffusivity, page 583; the method of handling 
skew diffusion curves is also treated there.) 

Calculation of Sedimentation Constant from a Scale-Method Run.— 
As an example of the procedure for calculating sedimentation constants 
of high molecular weight materials from data obtained from sedimenta¬ 
tion diagrams by the scale method, a determination on a sample of cellu¬ 
lose acetate in acetone is given. The main data needed for calculating 
the sedimentation constant are the positions of the moving boundary at 
several different times from the start of the centrifuging. Since the scale 
method gives a maximum corresponding to the position the boundary 
would occupy if no diffusion were present, the problem is to obtain the Y 
displacement variation with distance from the center of rotation and bisect 
the differential diffusion curve obtained. The secondary problem is to 
convert comparator readings into distances from the meniscus of the solu¬ 
tion. 

108 T. Svedberg and K. O. Pedersen, The VUracenlrifuge. Clarendon Press, Oxford, 
1940, p. 276. 

IW T. Svedberg and I\. O. Pedersen, loc. dl. t p. 297. 
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Experimental run No. CAT-4 on secon ^ per 100 ml. in acetone containing 
acetate as acetic acid. Concentratio • 8- {o moisture . Intrinsic viscosity 

1 % of water to reduce the sensitivity of th^^ ^tt ^ l _ Vp = 0 . 46 5, dn/dc 

1.60, mean temperature 25 5 C ’^ oil turbine ultracentrifuge, cell 3HD, 24 
= 0.00123. Rotor IV of the Svedberg Q . mm soft a i um j n um gaskets, 

mm. thick with middle plate of ft. d ° ne with S _ m ethylesculetin filter 

zsssss 

X tPSS rS‘ ^ ° f «= 90 minUUS "' ith eXP0SUre3 

every 15 minutes. 

TJe/erence Scale ^ITcel'cale 

equilibrium method (page 684) •1 «■ ^ of the 

run on the solvent as well as _ produce displacements 

cell and other phenomena entering at high speed P necessary to 

of the scale lines. For the sedimenta,on-veloc.ty ^^t.snwes y 
have exactly the same data for the reference scale run ' th the “ * 
to the same level as in the solution run. Exposures .ire t.ak<wualUhe sa 
time, speed, and temperature schedule to be used for the solution rum ihe 

reference run exposures are then measured in the comp , d 

deviated reference line at the same setting as for the solution 
the reference scale established. The Z values for the solution run are then 
obtained by successively taking the differences between the ^mgs for a 
certain line in the exposure and the reading for the same line in the lefei 

^Thifreference scale may be used for a series of determinations for any 
subsequent runs made under the same experimental conditions with solu¬ 
tions in the same solvent. Usually the reference scale readings are smoothed 
graphically as described previously on page 685. 

g Operation. —The cell was filled completely with 1.26 cc. of the solution 
and the filling screw tightened against a thin lead gasket on a shoulder of 
the metal plate, the cell inserted in the rotor, the centrifuge casing bolted 
down, and the oil pump started at low speed. After 10 minutes, the vac¬ 
uum pump was turned on high to evacuate the rotor chamber (rotor about 
10 000 r.p.m.), and 5 minutes later the hydrogen was admitted at 3b mm. 
total pressure. The oil supplied to the turbines was increased in steps of 
approximately 20 pounds pressure on a regular schedule of 5-minute inter¬ 
vals until 130 lbs. per in. 5 was reached after 35 minutes. This was taken 
as the start of the run. During this acceleration period, the temperature 
of the rotor was changing, so complete mixing of the contents of the cell 
took place. 
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0 00 n 1 t O >< ** = 3 51 X 10 ' 1S 
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During the bringingof the rotor to thedcsircd speed ^»ppro3timtttely48,^^0 

' -the temperatures of the two bearings, the casmg close to the roto . 
[he bearing oil ami the turbine oil were read. The cooling water surround¬ 
ing the heat exchanger through which the turbine 01 "as pu 
n.rifiiL'e was regulated to control the casing temperature at 22.., C. 
It 48 000 r.p.m. the cell temperature increase was read fromthe calibr - 
tion curve (Fig. 17) as 2.9° C., making the actual cell temperature 2. . • 

Sneeds were taken stroboscopically every 5 minutes and exposures of the 
scale through the cell every 15 minutes. After 90 minutes of centrifuging 
at speed, sufficient movement had taken place that the centrifuge cor 
shut down again following a 5-minute schedule of decelerating, 
time from start to finish was therefore 2 hours and 20 minutes. 

Table V gives an example of data taken to follow the performance of the 
centrifuge. During the first 10 minutes at speed and just before he las 
exposure pictures were taken with the lens focused on the cell to obtain the 
position of the meniscus of the solution relative to the center of the index 
hole in the balancing cell. At the speed of 48,000 r.p.m. the distance / 
from the middle of the index to the axis of rotation is 7.22b. Since the 
speed was still increasing somewhat during the first 15 minutes of centii- 
fuging; at speed, the first exposure was taken as the point from which to 
determine the sedimentation rate although the diffusion time was taken 


at the start of the run at speed. . 

The plates were developed with a high-contrast hydroquinone type of 
developer and the displacements of the lines of the scale read off in the 
microscope comparator mentioned earlier—all the strips were adjuste 
to the same zero position on the comparator micrometer screw with line 
80, the undeviated center line in the index portion of the scale, taken as the 
reference line. Then the x distance from the center of rotation was calcu¬ 
lated from the relation x = / - F(y - p), where / is the distance of the 
center line of the index from the axis of rotation, F is the reciprocal of the 
enlargement with which the cell is photographed when the camera is fo¬ 
cused on the scale, p is the comparator value of the middle of the index, 
y is the comparator reading in centimeters of the 50% point on the sedi¬ 
mentation curve, the intersection of the bisector line with the peak of the 
sedimentation curve. The relation used to calculate x was x = 7.226 - 


0.9672i/, with p taken as zero. 

Figure 33 gives the sedimentation diagrams for the cellulose acetate solu¬ 
tion corrected by the reference run. Z displacements in microns are pit¬ 
ted as ordinates and comparator readings, y, as abcissas. Table VI gives 
the-data used in the calculation of the sedimentation constant, s 25 , for the 
cellulose acetate. The 15-minute exposure was taken as the point from 
which to measure the rate of movement to avoid starting uncertainties. 
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The columns in turn are the time from the start, the comparator reading of 
the boundary, the x distance of the boundary from the axis of rotation, 
the movement Ax in a 15-minute period, the mean distance x m in the same 
period, the speed, angular velocity, w, the temperature of the solution, 



Fig. 33.—Sedimentation curves (scale method) for cellulose acetate CAT4 in acetone. 
Concentration = 0.102 g. per 100 ml.; 48,000 r.p.m. 


viscosity of the solution at the temperature, time interval At, and the sedi¬ 
mentation constant calculated from the relation: 


526 


1 Ax rj T 
OJ 2 X n At TJ26 


(61) 


526 may then be converted to the intrinsic sedimentation constant [s], the 
sedimentation constant per unit viscosity and unit density difference be¬ 
tween solute and solvent, i. e.: 


[ 5 ] = S 25 


r,2b 


Pp — Pm 


(62) 


For some systems where the sedimentation rate is low and the diffusion high, 
the boundary may not leave the meniscus while there is still a constant region in 
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lined by Sve.Iberg and Peder f*" '" . , h con( . C ntration of the sedimenting sub- 

'Z^JSSSZS* S=S 

nSTThe —^ Obtaining an approximate value 
of a — 

5SLfSST ZSLSZSR* --i 

extrapolation for high polymers is to obtain the intersectionat m.concen¬ 
tration of the plots as. c, where ,, is the relative 

With the value of the sedimentation constant at zero <=oncentrat on deter 
mined and with auxiliary data from osmot.c-pressure, ''eht-scattenng or 
sedimentation-equilibrium measurements or the diffusion constant extra 
polated to zero concentration, Jullander has worked out a method for ob¬ 
taining the distribution curve of molecular weights for high polymers. 
The details of the method have been discussed in the theoretical section 

(page 633). 


V. ILLUSTRATIVE APPLICATIONS 

The ultracentrifuge methods are the only ones which allow a detailed 
study of the size and shape of the molecules and the relative amount of each 
of several components in a mixture. Changes may readily be followed, 
therefore, in the condition of several components produced by change in the 
environment, degradation processes, interaction between molecules, and 
action of specific agents where osmotic pressure and viscosity would show 
only a small change in an average molecular weight. 

To illustrate the types of information which can be gained from the ul¬ 
tracentrifuge, examples will be drawn: (/) from the comprehensive inves¬ 
tigations on protein systems for the past twenty years in Svedberg’s labora¬ 
tory; (2) biological and medical research, the virus part of which has been 
carried out predominantly in the air-driven ultracentrifuge; and (5) the 
general field of polydisperse organic high polymers, both natural and syn- 


110 T. Svedberg and K. O. Pedersen, loc. cit., p. 283. 

1,1 T. Svedberg and K. O. Pedersen, loc. cit., p. 293. 

T. Svedberg and K. 0. Pedersen, loc. cit., p. 297. 

1,3 1. Jullander, J. Polymer <Sc*'., 2, 334 (1947). 
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thetic, again largely from Svedberg’s laboratory, with substantial contribu¬ 
tions from Signer, Kraemer, Williams, and their coworkers. 

In the scheme of protein investigations. Pedersen in The Ultraccnlrifugc 
has classified the studies into animal and vegetable proteins, purified en¬ 
zymes and enzymatic actions, biological and medical research work, and a 
summary of the new avenues of approach to the problem of the nature of 
proteins opened up by the ultracentrifuge. 

Most organic high polymers, with the exception of the proteins and the 
carbohydrates in some plant juices, have been found to be both polydisperse 
and, to a considerable extent, highly extended in solution. The complica¬ 
tions introduced by the form of the molecule have been treated in the sec¬ 
tion on theory and some of the new methods of approach to the understand¬ 
ing of the sedimentation behavior of these filament-like molecules have been 
discussed. As progress is made in the quantitative interpretation of ob¬ 
servations, many questions now extremely difficult to answer may be 
considered : 114 

Under what conditions do the linear high polymers dissolve as single molecules, 
and under what conditions does association or aggregation occur? What are the 
absolute values of the molecular weights and which linear high polymers are uni¬ 
form in molecular weight? What is the relation between conditions of synthesis, 
isolation, purification or degradation of high |>olymers and the molecular weights 
and homogeneity of the resulting products? What is the extent and importance of 
solvation in solutions of high polymers (especially in mixed solvents)? How does 
the chemical constitution of high polymers influence molecular shape and deform- 
ability, viscosity, streaming birefringence, and, in general, the physical properties 
of both solid and dissolved high polymers? 

1. Proteins 


A. GENERAL 

The pioneering work of the Svedberg school on the ultracentrifugal analy¬ 
sis of proteins has changed the whole aspect of research in this field and has 
given an enormous impetus to new investigations because of the apparently 
unsolvable questions it has cleared up. Twenty-five years ago, it is true, 
there were isolated examples of order in native proteins, such as the com¬ 
bination of iron in the prosthetic group of hemoglobin, indicating a combin¬ 
ing weight of 17,000, and the brilliant osmotic work of S 0 rensen, leading to 
the estimate of 33,000 for the molecular weight of egg albumin. However, 
the opinion was general that proteins were, for the most part, only clusters 
of ordinary small molecules forming particles of indefinite mass. This 

1,4 E. O. Kraemer and J. B. Nichols, in T. Svedberg and K. O. Pedersen, The Ultra- 
centrifuge. Clarendon Press, Oxford, 1940, p. 416. 
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££SEX ^h^lcuies anywhere near ocnparah.e in magni¬ 
tude to the protein molecules. r <t,.«ll,enr anil F&hrueiw" 6 and 

either monodisperse or paucidispersc, .. contain,ng only a fe« ["^cular 
sneries well defined with regard to mass and shape. I his com lusion, at 
though originally indicated from scdimcntation-cquihbnum measurements. 

has been verified even with the highest 

resolving power of the sedimentation- 
velocity ultracentrifuge. Figure 34 
shows the sedimentation of carbon 
monoxide hemoglobin in a centrifugal 
field of 900,000 times gravity, under 
which conditions no appreciable dif¬ 
fusion took place. 1,7 

Furthermore, many of these pro¬ 
teins are fairly globular in form or 
only slightly elongated as indicated 
by the small values for their frictional 
ratios, less than 1.5. Other proteins 
such as the fibrous proteins, denatured and degraded proteins, and pro¬ 
teins that do not exist in nature in an easily soluble form—such as keratin, 
fibroin, and myosin—do not form definite molecules, but resemble various 
nonprotein natural and synthetic high polymers in being polydisperse and 
having much elongated molecules or in being cross-linked masses. 



Fig. 34.—Sedimentation of hemoglobin 
in centrifugal field 000,000 times grav¬ 
ity." 1 Time between exposures, 3 mill. 


B. EFFECT OF ENVIRONMENT 

After the demonstration of the homogeneity of most of the native pro¬ 
teins, the effect of the environment of the molecules was studied, such as 
change of pH, addition of amino acids, change of salt concentration, radia¬ 
tion, and ultrasonic waves. 

Most proteins have been found to have a definite region of pH over which 

1,5 T. Svcdbcrg and R. Fihraeus, J. Am. Chem. Soc., 48, 430 (1926). 

m T. Svcdbcrg and J. B. Nichols, J. .-lm. Chem. Soc., 48, 3081 (1926). 

117 Work of I.-B. Eriksson-Quensel, reported by T. Svcdbcrg, I ml. Eng. Chem., Anal. 
Ed., 10, 119 (1938). 
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they are stable. At either high or low pi I values they tend to associate or 
dissociate into smaller fragments. The hemocyanins form a particularly 
interesting class for the study of pH effects. The stability diagram of 
Helix pomatia hemocyanin is shown in figure 35. At the isoelectric point 
it contains only one component. The original molecule of molecular 
weight 0,740,000 (s = 98.9 X 10 ~ 13 ) dissociates stepwise into halves 
(s = 02.0 X 10" 13 ), into eighths (s = 10.0 X 10“**), and sixteenths ($ = 
12.0 X 10” 13 ). These dissociation products at high and low pH values 

120 


80 


40 


o 

Fig. 35.—pH-stability diagram of Helix hemocyanin.' 17 

appear to be perfectly homogeneous. Furthermore, the dissociation is 
reversible because if the pH is brought back to the isoelectric region, the 
original molecular weight of 6,740,000 is obtained. 118 

Dilution alone may cause dissociation or a dissociating compound may 
be added, such as urea or guanidine hydrochloride. A protamine like 
clupein may split serum albumin as indicated in figure 36. 119 

Brohult 120 has found that Helix hemocyanin may be decomposed irre¬ 
versibly into half-molecules by the action of ultrasonic waves with a fre¬ 
quency of 250,000 per second. It may also be split at a pH of 6.2 into half 
molecules by the action of ultraviolet light of wave length below 2800 A. 121 

C. ANIMAL AND VEGETABLE PROTEINS 

In view of the completeness of the discussion in The Ultracentrifuge on 
the results obtained with the animal proteins, only a few representative 

1,8 I.-B. Eriksson-Quensel and T. Svedbcrg, Biol. Bull., 71, 498 (1936). 

"» K. O. Pedersen, Nature, 138, 363 (1936). 

,w S. Brohult, Nature, 140, 805 (1937). 

'*■ T. Svcdberg and S. Brohult, Nature, 142, 830 (1938). 
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vnmoles will be given here on the respiratory, serum, and milk P rofceins ' 
eX Respira'tory Proteins.-One of the most striking facts emergmg from 
the comprehensive study of the respiratory proteins through the amm 
kingdom is that the pigments which occur in the blood corpuscle c 
practically exclusively of relatively small molecules ^ lth low sed ' r "“ ta 
tion constants. On the other hand, those which occur dissolved in the 
plasma are-characterized by high sedimentation constants and 'arge molec- 
ular weights. The hemoglobin of the vertebrates always has a molecular 



Fig. 36.—Sedimentation diagram of serum albumin in 2.6% clupein 
solution. 111 Rapidly sedimenting main maximum, A, represents un¬ 
dissociated protein; slowly sedimenting maximum, B, is dissociation 
product s-lX 10-» and M ~ H that of serum albumin. Sedimen¬ 
tation of clupein itself has been subtracted from curves. Time, 100 
minutes after full speed. Scale distance, 6 cm. 


weight of 68,000 but may be reversibly dissociated by the addition of 
urea. 122 The chlorocruorins and erythrocruorins of certain worms and the 
hemocyanins of crustaceans and mollusks range in molecular weight up to 
several million. 

The regularities among the hemocyanins are very marked and the molecu¬ 
lar weights fit approximately into a scheme of multiples of 400,000. With 
the mass of data obtained on the proteins, Svedberg has pointed out that 
there exists a considerable regularity in the arrangement of the molecular 
weights of all the proteins, pointing to a common plan of formation. This 
rule of simple multiples has been challenged more and more as the number 
of exceptions has increased, but as Kraemer 123 remarks, “exclusion of pro- 

1,2 J. Steinhardt, Nature , 138, 800 (1936). 

1,8 E. O. Kraemer, in Frontiers in Chemistry, Vol. I, The Chemistry of Large Molecules. 
Interscience, New York, 1943, p. 117. 



Table VII 

Molecular Constants of Proteins® 

V’m = partial specific volume of the protein. (The values in parentheses are assumed values based on experimental determinations 
on closely related proteins.) 
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probably reveal the secondary factors that at times mark the fundamental 

Pr Sivn (pp. 704-710) summarizes the molecular constants of proteins.'** 

Serum Proteins.-The important class of scrum proteins has b e 
studied in considerable detail by McFarlane, Pedersen, and TJsehus. 
A number of interrelationships between the serum albumin and globuhn 
are still unexplained, but it seems likely that part of the globuhn ^molecules 
dissociate in concentrated sera by the action of the serum albumin. 1 he 
extent of dissociation depends on the source of the serum. Pedersen has 

studied the phenomena involved at length.-* He finds human serum to 
contain a labile “X protein” which appears to be a dissociable complex ol 
albumin and globulin together with lipids and probably carbohydrates. 

The study of pathological human sera by McFarlane will be taken up 
under the section on biological and medical investigations. 

Milk Proteins.—Kekwick and Pedersen 127 have separated a number of 
proteins in cows’ milk. In addition to the usually polydisperse casein 
complex, two albumins and a globulin are present. Figure 37 gives 
the sedimentation curves of skim milk dialyzed against a phosphate buffer 
of pH 6.8. The numerous small peaks arc casein complexes. 

Miscellaneous.—Other animal proteins studied arc muscle proteins, 
thyroglobulin, and egg proteins. Of the vegetable proteins, a number of 
seed globulins and several colored proteins from algae have been exam¬ 
ined. 

The separation and purification of proteins and viruses is usually a very 
complex operation involving many chances of error. Sedimentation pic¬ 
tures furnish an excellent check on the progress of the fractionation. The 


i*« Data from K. 0. Pedersen, Institute of Physical Chemistry, Uppsala—revised to 
September, 1948. See also J. Alexander, Colloid Chemistry. Vol. V, Reinhold, New York, 
1944, p. 564. 

A. S. McFarlane, Biochem. J., 29, 660 (1935). 
im K. 0. Pedersen, "Ultracentrifugal Studies on Serum and Serum Fractions,” Dis¬ 
sertation, Uppsala, 1945. But sec J. P. Johnston and A. (J. Ogston, Trans. Faraday 
Soc., 42, 789 (1946), for a different interpretation. 

>” K. 0. Pedersen, Biochem. J., 30, 948 (1936). It. A. Kekwick and I\. 0. Pedersen, 
ibid., 30, 2201 (1936). 
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Fig. 38.—Sedimentation diagrams of malt extract as a guide to the fractionation of the 
components: (A) precipitation with ammonium sulfate and dialysis; (a) untreated 
extract, ( b ) after dialysis, (c) after precipitation and dialysis. (B) fractionation in an 
air-driven centrifuge; (a) starting solution, ( 6 ) a-rich fraction, (c) 7 -rich fraction. (C) 
electrophoretic separation of a and 7 components, (a) starting solution, (6) solution 
from cathode side, (c) solution from anode side. Times for each experiment: 15, 35, 
and 55 minutes after full speed. 68,000 r.p.m. m 


in O. Quensel, “Untersuchungen iiber die Gerstenglobuline,” Dissertation, Uppsala, 
1942. 
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retie separation. 

2. Biological and Medical Investigations 

This section includes a survey of results on enzymes and hormones, vi- 
ruses, pathological and immune sera, and antibodies. 

A. PATHOLOGICAL SERA 

As mentioned on page 711, McFarlane has carried out a very’ «wrmigji 
investigation on normal serum from man, horse, and cow.'" He was thus 
able to compare the behavior of pathological sera with normal human serum 
in the ultracentrifuge.'” Very pronounced changes in the sedimentation 
diagram were found in a number of diseases—see figure 39, page 714 It 
will be noted that the globulin content shows large variations and that the 
X component usually increases. In the case of nephritis, the albumin 
maximum is unsymmetrical, indicating the presence of low-molecular dis¬ 
sociation products. In scarlatina the globulin content increases as the 
disease runs its course, probably as the result of increasing immunization. 
From the survey made by McFarlane it appears likely that ultracentrifu¬ 
gal analysis may be usable for diagnostic purposes. 


B. ANTIBODIES AND IMMUNE SERA 

• 

Ultracentrifugal measurements by Heidelberger, Pedersen, and Tiselius 
helped to verify the assumption that antibodies are modified serum pro¬ 
teins. Highly purified preparations showed sedimentation constants 
similar to those found for serum globulin; furthermore, the activity fol¬ 
lowed the substance the sedimentation constant of which was measured. 
In combination with electrophoretic measurements, it has been possible to 
separate globulins of the same molecular weight but different electrochemi¬ 
cal properties. The 7 -globulin fraction isolated from rabbit serum was 
found to carry the antibody function. 1 *' The human pneumococcus an- 

129 A. S. McFarlane, Biochem. J., 29, 407, 660 (1935). 

130 A. S. McFarlane, Biochem. J., 29, 1175, 1203, 1209 (1935). 

»»» A. Tiselius. Biochem. J. % 31, 313, 1464 (1937). 
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tibody also followed the 7 -globulin fraction and differed markedly from 
the spherical form . 132 Seibert, Pedersen, and Tiselius 133 demonstrated 
that the polysaccharide and the protein fractions isolated from different 
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Fig. 39.—Sedimentation diagrams of pathological human sera 1 * 0 : K.H.B., pulmo¬ 
nary tuberculosis; C.P., ulcerative condition in rectum; K.J.K., nephritis; K.M., 
tumor of bile duct; B.I.L., scarlatina. 


tubercle bacillus filtrates had equal sedimentation constants, about 1.7 X 
10 ~ 13 , and were essentially homogeneous with molecular weights of about 
9000. Values of 10,000 to 32,000 were found for the protein in the bovine 
and human strains, respectively. 

»» E. A. Rabat, J. Exptl. Med., 69, 103 (1939). 

F. B. Seibert, K. O. Pedersen, and A. TiseKua, /. Exptl Med., 68, 413 (1938)# 
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C. ENZYMES AND HORMONES 

A number of enzymes have been characterized by means of th « u ' tra ^"'. 

==£ 

""he italrf'papain and of pepsin on egg albumin has beenstudiedby 
Svedberg, Eriksson, and Annette.- The first step m the digestion >s 
probably a loosening of the bonds within the molecule to give a greate, 
dissymmetry. Subsequently noncentrifugible fragments are split off, P • - 
siblyamino acids and peptides of the same order of magnitude as the P- *- 
tamines. Similar results were obtained by Tiselius on the action of pepsi 
on egg albumin. 


D. VIRUSES 

When Stanley isolated a crystalline tobacco mosaic virus from the Turk¬ 
ish tobacco plant in 1935, the basis was laid for present-day virus re- 
search. This nucleoprotein material was found to have a very high sedi¬ 
mentation constant of 235 in the pH range of 6 to 8 by Eriksson-Quensel 
and Svedberg 137 and to be rather nonuniform. Subsequent studies by 
WyckofT, Lauffer, and Stanley 138 have led to purer fractions. A freshly 
prepared batch is more uniform than an aged sample which shows some ag¬ 
gregation. The tobacco mosaic viruses are highly elongated rods, as indi¬ 
cated by the high frictional ratio of 2.5, by high flow double refraction, and 
electron-microscope pictures. Ultracentrifuge, electron-microscope, and 
light-scattering data all agree in giving a molecular weight of about 40,000,- 
000 , a rod length of 2700 A., and a thickness of 150 A. 139 

On the other hand, the tomato bushy stunt virus, first crystallized by 
Bawden and Pirie, has proved to be homogeneous and essentially spherical 
in shape . 140 The spherical shape is demonstrated by the lack of both 

>»« T. Svedberg and K. O. Pedersen, loc. tit., p. 388. 

G. L. Miller and K. J. I. Andersson, J. Biol. Chem., 144, 459 (1942). 

T. Svedberg and I. B. Eriksson, J. Am. Chem. Soc., 56, 409 (1934). M. Annetts, 
Biochem. J., 30, 1807 (1936). 

in I.-B. Eriksson-Quensel and T. Svedberg, J. Am. Chem. Soc., 58, 1863 (1936). 

im M. A. Lauffer, J. Phys. Chem., 44,1137 (1940); J. Am. Chem. Soc., 66,1188 (1944). 

i» G. Oster, P. M. Doty, and B. H. Ziram, J. Am. Chem. Soc., 69, 1193 (1947). 

140 A. S. McFarlane and R. A. Kekwick, Biochem. J., 32, 1607 (1938). F. C. Bawden 
and N. W. Pirie, Nature, 141, 513 (1938). 
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frictional dissymmetry in the ultracentrifuge and of double refraction of 
flow and by the crystallization of the vims in the cubic system. Flection 
micrographs 1 * 1 also demonstrate the presence of spherical particles with 
a diameter of about 260 A., in excellent agreement with sedimentation- 
velocity data. The molecular weight is 7,600,000 for the unhydrated 
molecule as determined both by sedimentation equilibrium and from sedi¬ 
mentation velocity. Lauffer 14 * found a somewhat higher value by com¬ 
bining sedimentation-velocity and diffusion data. This virus appears to 
be fully as homogeneous as any of the native proteins. 

Many other viruses have been studied in the last ten years, both as to 
size and shape. Considerable progress has been made on the study of the 
polio viruses. 143 The air-driven, vacuum ultracentrifuges have been par¬ 
ticularly useful in exploring the vims field and the preparative type has 
simplified the isolation and purification of these substances. Figure 40 
summarizes the data available on the comparative sizes of viruses. 144 

E. GELATIN 

Gelatin is a degradation product of the insoluble protein collagen and 
therefore differs materially in properties from the native proteins and viruses 
discussed in the previous section. The first ultracentrifuge study on gel¬ 
atin was made by Krishnamurti and Svedberg in 1930. 14b Sedimentation- 
velocity mns at 20° C. indicated it to be highly polydisperse as expected, 
but since the determination was made below the gel point, a considerable 
uncertainty was introduced. 

Subsequently Kraemer 146 from intrinsic viscosity, sedimentation, and 
diffusion measurements in concentrated potassium thiocyanate solutions 
over a range of temperatures from 20° to 40° C. and in phosphate-sodium 
chloride solutions above the gelling point has shown that gelatin disperses 
as single molecules with an average molecular weight of about 120,000 for 
the sample examined and with a frictional ratio of about 3. This ratio is 
much greater than that of any other protein of equal weight and is com¬ 
parable to those of linear macromolecules with high intrinsic viscosities. 

>«» W. M. Stanley and T. F. Anderson, J. Biol. Chem., 146, 25 (1942). 

M. A. Lauffer, J. Biol. Chem., 143, 99 (1942). 

S. Card, Acta Med. Scand. Suppl., 143 (1943). S. Gard, O. Snellman, and H. 
Tyr6n, The Svedberg, 1884-1944, Almqvist & Wiksells, Uppsala, 1944, p. 530. 

M« Courtesy J. Alexander, Life, Its Nature and Origin, Reinhold, New York, 1948. 
Original compilation by W. M. Stanley, in Virus Diseases, The Messenger Lectures, 
Cornell Univ. Press, Ithaca, 1943, p. 35. See also W. M. Stanley, Chem. Eng. News, 25, 
3786 (1947). 

146 K. Krishnamurti and T. Svedberg, J. Am. Chem. Soc., 52, 2897 (1930). 

148 E. 0. Kraemer, J. Phys. Chem., 45, 660 (1941). 
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Diameter or width X 
IcriKili in m#» 

Red blood colls. • • 7 “° 

li. prodigious (Serralia marcrsrrns )... 'J> u 

Rickettsia. 

Psittacosis. 

Canary pox. 2^ X 2M 

Myxoma. 

Vaccinia. . 210 1 ^ 260 

Pleuropneumonia organism. 

Pseudo rabies. ^ 

Herpes simplex. ™ 

Rabies fixe. ™ 

Influenza. 

Newcastle disease. I* 5 

Vesicular stomatitis. 

Staphylococcus bacteriophage. 100 

Fowl plague.. 90 

Tj coli bacteriophage. 00X80 

Chicken tumor 1. 70 

Equine encephalomyelitis. 50 

Tj coli bacteriophage. 45 

Rabbit papilloma (Shope). 44 

Pneumonia virus of mice. 40 

Tobacco mosaic and strains. 15X 280 

Latent mosaic of potato. 10 X 525 

Gene (Muller’s est. of max. size). 20 X 125 

Southern bean mosaic. 31 

Rift valley fever. 30 

Tomato bushy stunt. 26 

Poliomyelitis (Lansing). 25 

Hemocyanin molecule ( Busycon) - 22 

Yellow fever. 22 

Hemocyanin molecule ( Octopus ). 20 

Louping ill. 19 

Tobacco ring spot. 19 

Japanese B encephalitis. 18 

Alfalfa mosaic. 17 

Tobacco necrosis. 16 

Foot-and-mouth disease. 10 

Silkworm jaundice. 10 

Hemoglobin molecule (horse). 3 X 15 

Egg albumin molecule. 2.5 X 10 



Fig. 40.—Comparative sizes of viruses and other biological materials; the figures for 

size are based on literature data. 144 
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He concluded that “the dissolved molecules are folded and coiled up to ap¬ 
proximately one-fifth the extended length as they exist in native collagen 
and therefore resemble the molecular state in contracted collagen. ... In 
spite of the high degree of coiling, the gelatin molecule in solution is still a 
more extended rodlike molecule than other proteins hitherto studied.” 

Further work on the size distribution in gelatin solutions has been car¬ 
ried out by Scatchard, Oncley, Williams, and Brown 147 in connection with 
the viscosity and chemical behavior of solutions of degraded gelatin pro¬ 
posed as transfusion fluids. They were interested in the manner of hy¬ 
drolysis of the undegraded gelatin molecule, defined by them as the chain 
length between two reactive bonds of the parent collagen. They deter¬ 
mined the intrinsic viscosities, M m , M m M, averages from osmotic-pressure 
and sedimentation-equilibrium studies for the undegraded gelatin and four 
stages of degradation representing a range of number average molecular 
weights from 45,700 to 15,000. They used the data obtained to analyze 
the kinetics of the hydrolytic reaction. The spread of the distribution 
curve increased as the gelatin was degraded to smaller molecules, as meas¬ 
ured by the quantities (. MJM ,) — 1 and ( M u /M n ) — 1. 

3. Organic High Polymers 

In the work discussed in this section two points should be mentioned. 
First, the ultracentrifuge can potentially give the most detailed and useful 
information on molecular properties of the synthetic and natural organic 
high polymers as demonstrated in the earlier work summarized in the 
previous section on globular proteins and viruses. Second, owing to 
experimental difficulties with extremely dilute solutions, the present in¬ 
complete theory of the behavior of solutions of long-chain molecules in a 
centrifugal field, and the labor involved in treating the data empirically (page 
G33), the practical utility of the method has been limited. Recent theoret¬ 
ical treatments summarized earlier (page 643) indicate that the methods 
will soon take a place in the determination of the molecular properties of 
high polymers corresponding to that now occupied in protein investiga¬ 
tions. 

A. ABSOLUTE VALUES OF MOLECULAR WEIGHTS 

Aside from the preliminary work carried out on cellulose in cupram- 
monium hydroxide, 148 the first adequate test of the ultracentrifuge tech¬ 
niques applied to linear high polymers was on a crystalline, well-fraction- 

147 G. Scatchard, J. L. Oncley, J. W. Williams, and A. Brown. J. Am. Chem. Soc., 66, 
1980 (1944). 

«« A. J. Stamm, J. Am. Chem. Soc., 52, 3047 (1930). 
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l p nuinber average calculated from the scd.mentat.on equilibrium of 44 

srr B *i* Mtr .risr-- 

even without the correction introduced by Wales el al. through^ 
the thermodynamic data from osmotic pressure measurement^ 

The most recent intercomparison of methods was made by Wales el al. 
on polystyrene in carbon tetrachloride. They corrected their values ob¬ 
tained from the sedimentation equilibrium for the concentration depend 


Tablk VIII 

C'uK.lKCT.ON OK SKO.MKNTAT.ON-KgU.UBK.UM DATA ™ PoLYKTYRKN.* IN C '\KHON 


Tbtrachloriok , “ 


Ex per i- 
ment 


Uncorrcctcd 

M. 


23 

24 


95,000 

86,000 


Concen¬ 
tration. 
g./lOO g. 


0.108 

0.108 

0.072 


R.p.m. 


4700 

6270 

6440 


Concentration 
ratio 
between 
ends of cell 


4 

10 

10 


Corrected 




97,000 

107,000 

108,000 


M, 


153,000 

141,000 

150,000 


1 

Osmotic 

i i ' --- 

Sedimentation data (corrected) 

Theoretical 

M,/M* 

pressure 

M n 


Mg 

M,/M„ 

50,000 

104,000 

148,000 

1.42 

1.50 


1,9 E. O. Kracmcr and W. D. Lansing, J. Am. Chem. Soc., 55, 4319 (1933). 
wo p. VV. Billmeyer, Jr.. "The Determination of Molecular Weights and Particle Sizes 
by Light Scattering.” Dissertation, Cornell, 1945. 

isi M Wales, M. Bender, J. W. Williams, and It. II. Ewart, J. Chem. Phys., 14, 3o3 
(1946). See also M. Wales, J. W. Williams, J. O. Thompson, and It. Ii. Ewart J . Phys 
& Colloid Chem., 52, 983 (1948). 
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once of the osmotic pressure and obtained the results shown in table VIII. 
It is evident that the corrected values for M v and M, do not depend on the 
speed or on the concentration. Furthermore, the M n value from osmotic 
pressure and the other two molecular weights are in the ratio 1 : 2 : 3 , in 
agreement with the assumed reaction mechanism. 

D. EVIDENCE FOR MOLECULAR SOLUTIONS 

In the preceding subsection we have seen that representative high poly¬ 
mers are polydispersc but that the absolute molecular weight is known by 
the agreement between several methods. In general, however, as Krae- 
mer 162 has stated, physical methods for molecular weight really give only 
the size of the kinetic unit and other evidence is required in order to dis¬ 
tinguish between single molecules and aggregates. The ultracentrifuge 
techniques have aided in supplying evidence on the following criteria: 

“1- The homogeneity of molecular weight, as for many proteins. 

2 . The constancy of molecular weight in different solvents. 

3., The relative constancy of intrinsic viscosity in different solvents, although it 
seems that the intrinsic viscosity in different solvents may differ appreciably even 
though the molecular weight does not. 

"4. The constancy of molecular weight at different temperatures. 

5. The small temperature coefficient of intrinsic viscosity, say 0.9-0.95 per 
10° C. 

6 . Polymer-analogue conversions, as carried out by Staudingcr and my (Krae- 
mcr’s) coworkers.” 

As an example of the relative constancy of the weight average molecular 
weight in different solvents, sedimentation equilibria of a degraded (pep¬ 
tized) rubber in chloroform, a good solvent, by] = 0.50, and ether, a poor 
solvent, fry] = 0.34, are given in figure 41. Because of the density rela¬ 
tions the equilibria were established in opposite directions and yet the 
weight average molecular weight was practically the same and the distribu¬ 
tion curves not very different (Fig. 42). The high M z value for the ether 
solution is an indication of some undispersed or aggregated material. 
Signer and Gross 152 " found polystyrene to have the same molecular weight 
in several solvents. 

On the other hand, work reported on polyvinyl chloride in different 
solvents and at different temperatures 153 indicated that association oc¬ 
curred to varying extents. The combination of osmotic pressure, light¬ 
scattering, and ultracentrifugal measurements showed that solution was 
probably molecular in cyclohexanone, with some association in methyl 

152 E. O. Kraemer, J. Franklin Inst., 230, 666 (1940). 

,6ia R. Signer and H. Gross, Helv. Chim. Acta, 17, 59, 335, 727 (1934). 

163 P. M. Doty. H. Wagner, and S. Singer, J. Phys. <i- Colloid Chem., 51, 32 (1947). 
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SSSHrcS: 

centrifuge was used and Philpot Schlieren sedimentation diagrams showed 
the nresence of two distinctly different fract.ons in the poor solvents 

Perhaps the most convincing argument for molecular so utions which the 
ultracentrifuge has furnished has been the study made by Kraemer and 



Fig. 41.—Effect of solvent on the sedimentation equilibrium of pep¬ 
tized rubber. M u curve—variation of molecular weight from Z displace¬ 
ments along the cell. M*x curve—variation of molecular weight from 
concentrations along the cell, (a) Chloroform (R7); M t - 95,000; Mxo 
= 63,500; 0 = 0.90. (6) Ether (R8); M t = 150,000; M „ = 68,700; 
0 = 1.25. 


Lansing 154 on the conversion of acetone-soluble cellulose acetate into cellu¬ 
lose through the cycles indicated in the following scheme with practically 
negligible change in size of the cellulose skeleton. Here the whole environ¬ 
ment of the polymer has been changed so it seems likely there was no as¬ 
sociation in either case. This conclusion is valid even though the absolute 
magnitude of the molecular weights obtained may be in error in the light 
of the more recent investigations of Gral6n and Jullander: 

U4 E. O. Kraemer and W. D. Lansing, J. Phys. Chem., 39, 153 (1935). 



722 


J. n. NICHOLS AND K. D. HAILKY 


Cclluloao acetate -♦ Cellulose -* Cellulose acetate -» Cellulose 

In] = 1-78 1.23 . 1 . 6-1 1.20 

D. P. = 400 470 380 430 

However, this type of experiment can be carried out with only a few 
systems. Therefore, the question of association should be raised for each 



M 

Fig. 42. Effect of solvent on the weight-distribution curve of pep¬ 
tized rubber. Chloroform: M , - 95,000, - 63,500, 0 - 0.90. 

Ether: M t - 150,000, M m - 68,700, 0 - 1.25. 

polymer studied and can only be answered by detailed physical and chemi¬ 
cal investigation of each substance under a variety of conditions. 

C. POLYDISPERSITY FROM SEDIMENTATION VELOCITY 

With the high speeds available sedimentation velocity would seem to offer 
the best possibility for separation of the different size classes and the de¬ 
termination of polydispersity. Actually the strong concentration depend¬ 
ence produced by interaction of the much elongated polymer molecules 
requires a reliable extrapolation of the sedimentation diagram to zero con¬ 
centration. This has been treated in the theoretical section. 

Gral6n and Jullander 155 have used the rate of spreading of the boundary 
in the sedimentation diagram as a measure of polydispersity. Graten de¬ 
fines the width, B } of the curve as the quotient between area and maximum 
height. B is then plotted against the distance, x, from the center of rota- 

M T. Svedberg, J. Phys. & Colloid Chem., 51,15 (1947). I. Jullander, J. Polymer Sci., 
2, 335 (1947). See also: N. Gral6n, Dietertalion, Uppsala, 1944; I. Jullander, Diner- 
lotion, Uppsala, 1945. 
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tion for different exposures of the same run and the denvative dB/dx. 
called the widening value, is computed. Th.s value extrapolated to *ero 
concentration is a measure of the polydispersity and gives one of the param¬ 
eters in Jullander’s three-parameter logarithmic distribution function of 
sedimentation constants. Figure 43 gives an example of the use of ha 
quantity in fractionating a cellulose nitrate It is evident that the f.ac 
lions are still polydisperse but much less so t han the original sample. 

The polydispersity of polychloroprenes from emulsion (A) and bulk (B) 
polymerisation has been studied in chloroform solution by Svedberg and 
Kincll 1M As a measure of nonuniformity the ratio of the moment to area 
diffusion constant, DJD A , was nearly unity and therefore was msens.tive 
However, the dB/dx values gave a more reliable indication of the spiead 



CONCENTRATION, g./IOO ml. 


Fig. 43.—Polydispersity of frac¬ 
tionated cellulose from ( dB/dx)o 
criterion (Svedberg 1 * 4 ). 
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Fig. 44.—Polydispersity ( dB/dx) 0 as a 
function of molecular weight for emulsion 
(A) and bulk ( B) polychloroprenes. 146 


and are given in figure 44 as a function of molecular weight. Apparently 
there is no regular variation with molecular weight but the A-polymers are 
somewhat more polydisperse and branched than the B-polymers. 

An example of a distribution curve for a nitrocellulose, calculated by 
Jullander’s three-parameter distribution function, has been discussed in 
the theoretical section (see Fig. 5, page 637). 

D. DOUBLE MAXIMA 

One of the diagnostic uses of the sedimentation-velocity method is to 
detect double maxima to which the logarithmic functions are not appli¬ 
cable. Figure 45 gives sedimentation diagrams of cuprammonium ex¬ 
tracts from spruce wood in which two maxima are clearly visible. 157 Cer¬ 
tain wood pulps and lightly milled crepe rubber show this phenomenon. 
Starch is distinctly polydisperse according to Lamm’s ultracentrifugal inves- 

,M I. Svedberg and P. O. Kinell, "Properties of Chloroprene Molecules in Solution,” 
in Harold Nordenson 60 At. Uppsala, 1946, p. 321. . 

' 47 N. Gral6n, Dissertation, Uppsala, 1944. 
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tigations. 168 Acid-treated solutions show two maxima (Fig. 40) corre¬ 
sponding to an average molecular weight of 00,000 (amylose) and 200,000 
(amylopectin). The highly branched polydisperse amylopectin may be 
removed by electrodialysis, leaving a fairly homogeneous amylose with a 
single maximum. Beckmann 1 ** has also carried out work on the inter¬ 
relationships of the starch components. 



Fig. 45—Sedimentation diagrams Fig. 46.—Sedimentation diagrams of 
for cuprammonium extract from acid-treated starch solution. 1 ” Two 
spruce wood. 147 Two maxima are: maxima: lb,2b,3b, amylose M = 60,- 
ccllulose, hemicellulose and polyoscs. 000; la,2a,3a, amylopectin M = 20,- 

000. Speed, 44,7C0 r.p.m. 


E. GEL FRACTION 

Another of the important advantages of the sedimentation-velocity 
method is to detect and estimate gel fractions in polymer solutions result¬ 
ing from cross linking, incipient precipitation, or other phenomena. Jul- 
lander 160 has carried out a preliminary study of the addition of small 

O. Lamm, Kolloidr-Z ., 69, 50 (1934). T. Svedberg, Ind. Eng. Chem., Anal. Ed., 10, 
126 (1938). 

,M C. O. Beckmann and Q. Landis, J. Am. Chem. Soc., 61, 1495, 1504 (1939). 

180 1. Jullander, Dissertation, Uppsala, 1945. Cf. J. Polymer Set., 3, 804 (1948). 
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..mounts of metal chlorides to solutions of cellulose nitrate to produce cross 
. . , . molecules. Figure 47 gives a sedimentation diagram of a 

nitrocellulose solution in butyl acetate to which a little titanium tetra¬ 
chloride has been added. The 7 peak, rapidly moving, probably con¬ 
sist of large aggregates of molecules which are pressed together like a 
• n _ The beta peak is probably composed of double, triple, and of 
larger units and the alpha peak, of the unchanged molecules. Singer and 
Stern 141 have also found a small, high-molecular peak ,n poly vinyl chloride 
solution, which may represent cross-linked material or labile clusters of 

molecules. 


=L 

N 



cm. 

Fig. 47.—Effect of cross linking on the sedimentation diagrams of cellulose ni¬ 
trate Lnt in butyl acetate.** Agent added, 0.5 equivalent of titanium tetra¬ 
chloride; concentration of cellulose nitrate, 0.39 g. per 100 g. of solution. Speed, 
48,000 r.p.m. 


Another use of sedimentation analysis is to follow the course of a frac¬ 
tionation. An example has already been given under protein applications 
(page 712). 


F. SHAPE FACTOR 

In addition to the molecular weight and distribution of molecular weights, 
the configuration of the polymer molecule in solution is important in de¬ 
termining its behavior. From a detailed consideration of the frictional 
factors involved in the sedimentation velocity and diffusion, some infor¬ 
mation can be obtained on particle shape. The frictional factor for elon- 

>«» K. G. Stern, S. Singer, and S. Davis, Polymer Bull., 1, 31 (1945). P. Doty, H. 
Wagner, and S. Singer, J. Phys. & Colloid Chem., 51, 46 (1947). 
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gated molecules is always greater than that for a spherical particle of the 
same volume. 

The frictional ratio, f/f 0 , was introduced by Svedberg to serve as a meas¬ 
ure of the nonspherical shape, where / is the observed frictional constant 
and/o is the frictional constant of a spherical molecule of the same moleculai 
weight. Most proteins have a frictional factor of about 1.2 in view of their 
globular shape, whereas high polymers vary from about 2 for polystyrene 
to 5-10 for the very elongated cellulose-derivative molecules. 

Burgers, Simha, and others 161 have treated mathematically the relation¬ 
ship between the frictional factor and the axial ratio for ellipsoidal parti¬ 
cles (page 638). The use of these equations indicates that cellulose and 
cellulose acetate are nearly completely extended in solution whereas rub¬ 
ber, polychloroprene, and polystyrene are considerably coiled but not 
nearly as much as would be indicated by Kuhn’s formula for random kink- 


Table IX 

Chain Length per Unit Intrinsic Viscosity for Polymers 


Maximum 

Polymer extended length 

per unit (e) r . A. 

Poly-w-hydroxydecanoic acid. 1,200 

Cellulose (in A. C. S. cuprammonium). 840 

Cellulose acetate. J90 

Rubber (iu ether). tySSSi 

Rubber (in benzene)..... JOtJO 

Polychloroprene (in n-butyl chloride). 8,400 

Polychloroprene (in benzene)... ■■■■ 6,400 


ing. Viscosity data, table IX, indicate the same differences in terms of 
chain lengths required to give unit volume intrinsic viscosity. Table X 
gives data (page 728) for cellulose acetates in acetone, polychloroprene in 
chloroform, 163 and methyl cellulose in aqueous solution. 164 The axial ra¬ 
tios given refer to those calculated from the frictional ratios obtained from 
the sedimentation constants and intrinsic viscosities and are compared with 
those from x-ray data, namely, the ratios obtained on the assumption of 
stiff and straight molecules. 

is* J. M. Burgers, Second Report on Viscosity and Plasticity, Noord-Hollandsche, 
Amsterdam, 1938, pp. 113-184; Interscience, New York. R. O. Herzog, R. Illig, and 
H. Kudar, J. physik. Chem., A167, 329 (1933). F. Perrin, J. phys. radium, 7, 1 (1936). 
It. Simha, J. Phys. Chem., 44, 25 (1940); J. Chem. Phys., 13, 188 (1945). S. Singer, 
J. Polymer Sci., 2, 290 (1947). 

ua e. O. Kraemer and J. B. Nichols, in T. Svedberg and K. O. Pedersen, The Ultra - 
centrifuge. Clarendon Press, Oxford, 1940, p. 430. 

184 R. Signer and P. v. Tavel, Helv. Chim. Acta, 21, 535 (1938). 
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The most striking fact that from x-ray 

agreement between obsen-« quan methy) ce l!ulose than for polychloro- 

dimensions for cellulose acetat cellulose appear to approximate 

prenes. The cellulose acetate and methyl ceUu ' fa much coUed. 

the rigid rod type of polymer, whereas the pc ^ the axia , ratio , it 

°"' ing ! 1 tLutrralhTrTarge deviations of values calculated from viscos- 

have shown the same to be true fo to be approximately 

molecular weight cellulose and cellulose nitrate *££££ completely ex- 

one-fifth extended, .nd low tt— 

tended. Light-scattering results on cellulose derival 

—ire 

The viscosity figures for the axial ratio tend to be somewhat higherthan 
those from sedimentation velocity because of orientation. There is a 
possibility of straightening out in the flow birefringence method also. 


G. CALIBRATION OF INTRINSIC VISCOSITY 

Much of the earlier ultracentrifugal work on high polymers was directed 
toward establishing the proportionality constant between m^ecvdar we g 
or degree of polymerization and intrinsic viscosity. Since the viscos y 
average is frequently quite close to the weight average moeculai- weight, 
a number of the early systems—cellulose acetate, polychloroprene, and 
cellulose—of moderate molecular weight actually gave linear relationships. 
Further refinements have indicated that these systems gave an approxi- 
mately linear relationship because the present accepted viscosity relationship, 
[,] = KM\ has a value of the exponent a of nearly unity for these systems. 
Jutlander 168 has found that six out of eight nitrocelluloses studied by him 
gave values of the ratio MJM. between 0.98 and 1.13 with molecular 
weights ranging from 18,000 to nearly 400,000. This subject, is discussed 
further by Kraemer and Nichols. 169 


N. Gral6n, be. tit. 

I. Jullandcr, be. tit. 

187 1. Jullandcr, loc. tit., pp. 102-107. 

*« I. Jullander, J. Polymer Sti., 2, 344 (1947). 

iw E. O. Kraemer and J. B. Nichols, in T. Svedberg and K. O. Pedersen, loc. cit., 
p. 418. 



Shape Factors of Polymers in Solution 


728 



Cl 


00 

Cl 

N — 

Y- 

Y* 

Y* 

Y* 

.O CO 


Ntmeos 
•r w w ifl N N 




o N lO 
co co y- 


i I i 


— 00 — 
eo CO 1* 


8SSS22 

—• —* — co -r 


w ££2838 
z - - - - - 


O S33SS 

< — — — — d 


2 © Cl CO CO © d ~ 

H co co co co y< y* eg 


N N O O M O 
£ co co co y< io <o 


Cl N Y « CO 05 
N CO CO CO Y Y 


00 CO o o o o 

- CJ Y « « g 


!§l 


z 

o 

_ CO 

8 3® | 

- V 

NMM 2 

233 g 


O Y CO O 

^ r- oo g 

_ J 

s 

CO CO CO O 

c> oo oo j 


§88 I 
— — * 

AAA 


S£3 






I I I 


I I I 


I I I 


I I I 


Cl CO (D Cl N O 
- W CO CO Cl Y 


— Cl <N -Y" iO 


I 


lO C cc N O N 
tO N ® O N N 



CO N O 
- CO N 


CO Y lO 

2!2 S 


I I I sl 



H CO H 

Y Y CO 
- N CO 







































XIII. 


THE ULTRACENTRIFUGE 


729 


H. SUBSTANCES STUDIED 

tail*-,-” »nd p=Uto ^ 

vinyl chloride, 179 and gelatin 190 have also been examined. 

VI. CONCLUSION 

From the foregoing discussion it is evident that the centrifuge has been 
one of the main instruments in the advance of the protein and virus fields^ 
From the examples given in the high-polymer field, it seems li y 
ultracentrifuge methods will also have a prominent place Here, JJ owever » 
more than in the protein field, it is necessary to bring to bear all the metn- 
ods at our disposal-osmotic pressure, light scattering, sedimentation 
equilibrium, sedimentation velocity, x-ray diffraction and low-angle scat¬ 
tering, How birefringence, diffusion and viscous behavior—for the proper 
characterization of long-chain molecules: (/) as to molecular weight an 
distribution, and (2) as to configuration of the molecule, produced cither 
from chemical structure or from interaction with the solvent. 


no N. Gral6n, loc. cit. I. Jullandcr, Dissertation, Uppsala, 1945. H. Campbell and 
P. Johnson, Trans. Faraday Soe., 40, 221 (1944). 

m E. O. Kracmer and J. B. Nichols, in T. Svedberg and K. O. Pedersen, loc. cit p. 423. 
in I. Svedberg and P. O. Kincll, “Properties of Chloroprene Molecules in Solution, 
in Harald Nordenson 60 Ar. Uppsala, 1946, p. 321. 
m R. Signer and H. Gross, Helv. Chim. Acta, 17, 59, 335, 726 (1934). The UUracenln - 

F. Seibert, K. O. Pedersen, and A. Tiselius, J. Exptl. Med., 68, 413 (1938). 
m T. Svedberg and N. Graten. Nature, 142, 261 (1938). 

174 S. Saverbom, Kolloid-Z., 90, 41 (1940). 

177 C. O. Beckmann and Q. I^andis, J. Am. Chem. Soc., 61, 1495, 1504 (1939). 

174 E. M. Mystkowski, Biochem. J., 31, 716 (1937). 

179 P. Doty, H. Wagner, and S. Singer, J. Phys. & Colloid Chem., 51, 46 (1947). 

180 G. Scatchard, J. L. Oncley, J. W. Williams, and A. Brown. J. Am. Chem. Soc., 66, 
1980 (1944). E. B. Sanigar, L. Krejci, and E. O. Kraemer, ibid., 60, 757 (1938). E. O. 
Kraemer, J. Phys. Chem., 45, 660 (1941); 46, 177 (1942). 
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I. INTRODUCTION 
1. Scope 

The subject of calorimetry is very extensive, and its techniques are usu¬ 
ally quite involved. It is therefore not possible to present here a complete 
discussion of the topic. An attempt has been made to give a broad over¬ 
all outline, restricting extensive descriptions to those phases which are of 
particular importance in organic chemistry. It is even impossible to discuss 
completely fields of calorimetry in which one may expect that some organic 
chemists will do experimental work because of the attention to detail neces¬ 
sary in all calorimetric experiments. It is hoped that, in such cases, the 
discussion will be found to be sufficiently detailed, and the references to the 
literature sufficiently inclusive, so that a prospective experimenter will not 
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have great difficulty in starting the process of training and equipping hi - 
self for calorimetric work. In some cases, attention has been deliberate y 
focused on the method or apparatus of one worker or school to avoid the 
confusion which may result from the presentation of several equally rehab e 
procedures. Particular attention has been paid to the determination of 
heat capacities because of their importance in the evaluation of free ener¬ 
gies; to heats of combustion, for the same reason, and because at present 
they furnish the most general method for evaluating heats of organic re¬ 
actions; and to methods for the direct determination of heats of reaction. 
Because of the author’s conviction that the valuable criterion of purity fur¬ 
nished by freezing and fusion curves should be far more widely employed 
by organic chemists than is at present the case, an effort has been made to 
describe, in sufficient detail for easy assembly, an apparatus for the obser¬ 
vation of such curves. 


2. First Law of Thermodynamics 

All chemical and physical processes involve energy changes; calorimetry 
is concerned with the measurement of these changes. According to the 
law of the conservation of energy, or the first law of thermodynamics, the 
energy of a system is a single-valued function of its state. Therefore the 
energy change associated with the change of the system from one state to 
another is dependent only on the initial and final states, and not on the path 
followed by the system in going from the initial to the final state. Thus 
we may evaluate the energy change associated with the process A—>C by 
summing the changes corresponding to the processes A—>B and B—+C ; or, 
if it is more convenient, those corresponding to the processes A—>B' and 
B'-*C. This statement of the first law of thermodynamics, in its applica¬ 
tions to calorimetry, is frequently called the Law of Hess. 1 

It is not possible to define the total absolute energy of a system; we are 
concerned only with changes in energy content. Thus, when we speak of 
the energy content of a system in a certain state, we mean the energy change 
associated with bringing the system to that state from some reference state 
in which the energy content is arbitrarily set equal to zero. 

Since we shall be interested in changes of energy accompanying changes 
in state, it is at once obvious that the greatest care should be exercised in 
defining the initial and final states under consideration with sufficient pre¬ 
cision to confer on the corresponding energy change a definiteness consist¬ 
ent with the experimental accuracy achieved in measuring it. All too fre- 

1 G. H. Hess, Ann. Physik, SO, 385 (1840); Ostwald’s Klassiker der exakten Wissen- 
schaften, No. 9, Englemann, Leipzig, 1890. 

♦ 
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quently in the past, otherwise precise thcrmochcmical work has been marred 
by the failure to describe with appropriate detail the states or systems in¬ 
volved. 

If, in changing from an initial to a final state, a system performs work 
against mechanical or other forces, the heat effect accompanying the 
change is not equal to the total energy change. Since calorimetric meas¬ 
urements are directly concerned only with heat changes, it is essential to 
have a clear understanding of this point. Suppose the quantity of heat 
absorbed by the system in some process is Q, and the quantity of work per¬ 
formed by the system is W. Then the increase in energy accompanying the 
process is: 

At/ = Ut — Ui = Q — W (1) 

where U x and U 2 are the energy contents, referred to some arbitrary zero, 
of the initial and final states, respectively. We shall deal only with proc¬ 
esses in which the work terms arise from expansion or contraction of the 
system under a finite pressure; for a reversible process the term describing 
the work of expansion or contraction is: 

W = fj x ' PdV (2) 

where P and V are the pressure and volume of the system, respectively. 
In the important special case of a reversible process taking place at constant 
pressure, equation (2) becomes: 

W = PV 2 — PV X * PAV (3) 

Thus, the heat absorbed by a system during such a process is: 

Q = AU + PAV = (U 2 + PV 2 ) - (C/i + PV X ) (4) 

It is convenient to represent the property U + PV by //; this quantity is 
called the heat content , or enthalpy. 

In view of the fact that the change in energy or enthalpy associated with 
a given process is dependent only on the initial and final states, it is clear 
that it is permissible to speak of the change of enthalpy (AH), for example, 
when a system changes from an initial state at one pressure to a final state 
at some other pressure. In other words, changes in the energy content U 
and the heat content H are not necessarily restricted to constant volume 
and constant pressure processes. For the important special case in which 
the initial and final volumes are equal, it is customary to speak of the heat 
absorbed “at constant volume": 

Q. = U t - C/i - AU (5) 

even though the volume may undergo some changes during the process. 
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Likewise, if the initial and final pressures are the same, we speak of the heat 
absorbed “at constant pressure”: 

Q p = Hi — Hi = AH = AU + PAV (6) 

without in any way implying that the pressure remains constant at all 
times during the process. For a more complete discussion of the first law, 
see the standard texts on thermodynamics. 7 

3. Definition of Units 

The modern calorimetric method consists essentially in measuring the 
amount of electrical energy necessary to duplicate (or nullify, in the case of 
an endothermic process) the thermal effect accompanying a physical or 
chemical process. Modern calorimetric data are therefore primarily ex¬ 
pressed in units of electrical energy. Since potential differences are usu¬ 
ally measured in absolute volts and currents in absolute amperes, the 
rational unit of energy is the absolute joule—the product of absolute volts 
by al)solute amperes by seconds.* However, chemists are so accustomed 
to thinking of thermal energies in terms of the energy required to increase 
the temperature of a mass of water by a given number of degrees that the 
calorie has been retained as a unit of energy. In order to free this unit 
from any dependence on past or future determinations of the specific heat 
of water, it has been redefined 4 in terms of the absolute joule, 1 calorie 
being set equal to 4.1840 absolute joules. This defined calorie is sometimes 
denoted the 15°-calorie (calu). 4 One kilocalorie equals 1000 calories. 
Unless otherwise specified, we use the term joule for the absolute joule, and 
calorie for the defined calorie. The temperature at which ice is in equi¬ 
librium with air-saturated water under a pressure of 1 atmosphere is taken 
as 273.16° K., frequently abbreviated 273° K. 

4. Temperature Measurement and Control 

Calorimetric measurements are almost universally based on temperature 
measurements, and in many cases involve problems of temperature con¬ 
trol. These topics are discussed in detail in Chapters I and II. 

2 G. N. Lewis and M. Randall, Thermodynamics and the Free Energy of Chemical 
Substances, McGraw-Hill, New York, 1923: L. E. Steiner. Introduction to Chemical 
Thermodynamics, McGraw-Hill, New York, 1941; F. H. MacDouguIl, Thermodynamics 
and Chemistry, 3rd ed., Wiley, New York, 1939. 

2 The International Committee on Weights and Measures at Paris in October, 1946, 
adopted the equivalence: 1 international joule = 1.000165 absolute joules. 

4 F. D. Rossini, J. Research Natl. Bur. Standards, 6, 1 (1931); 12, 735 (1934). E. 
F. Mueller and F. D. Rossini, Am. J. Phys., 12, 1 (1944). 
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II. MEASUREMENT OF ELECTRICAL ENERGY 

Measurements of electrical energy can be carried out with an exceptional 
degree of accuracy using readily available instruments. All modern calo¬ 
rimetric measurements are, therefore, in principle if not in fact, referred 
to measurements of electrical energy, the calorimeter itself serving as an 
instrument for comparing the chemical or physical energy change in the 
system under investigation with electrical energy. The energy dissipated 
in a resistor in an alternating-current circuit cannot be determined with as 
great accuracy as that in a direct-current circuit, so that, practically with¬ 
out exception, d.-c. circuits are employed in calorimetry. Aside from 
this consideration, the use of a.-c. would have some advantages; in par¬ 
ticular, electrical leakage to the very low voltage d.-c. circuits used in tem¬ 
perature measurement would give less trouble. 

The fundamental quantities in measuring electrical energy are potential 
difference, resistance, and time. If a potential difference, V, measured in 
absolute volts, is impressed on a resistance, R, measured in absolute 
ohms, for a period of t seconds, the energy dissipated is VH/R absolute 
joules, or V 2 t/i. 18407? defined calories. We shall consider first the 
methods for measuring V i /R, and then those for measuring time. 

1. Measurement of V 2 /R 

Potential differences are determined by comparison, by means of a po¬ 
tentiometer (page 21), with a standard cell. The resistance of the calo¬ 
rimeter heater may be determined by a Wheatstone bridge such as those 
used in resistance thermometry (page 13). A more usual procedure is to 
compare the potential drop across the heater with that across a standard 
resistor connected in series with it. If the resistance of the standard re¬ 
sistor is R, and the potential drop across it is V„ it is evident that the elec¬ 
trical power input is V 2 /R = VV,/R,. 

If a good resistance bridge is available, there is no difficulty in preparing 
a homemade resistance standard reliable to 0.01% or better, provided the 
resistance is not below about 10 ohms. The resistor is bifilar wound of No. 
28 to 34 double silk-covered manganin wire; a cardboard form can be 
used. After repeated applications of thin layers of Glyptal varnish fol¬ 
lowed by baking at 125°, the resistor is mounted in a copper cylinder and 
hermetically sealed with wax. The resistor should be provided with cur¬ 
rent-carrying and potential leads. Frequent checks of its resistance should 
be made until its stability has been demonstrated. The calorimeter heater 
should be constructed of material having a low' temperature coefficient of 
resistivity. It will usually be found that the resistance of the heater re- 
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mains sufficiently constant so that it is unnecessary to det ™ e h 
and V, in each experiment, it being sufficient to check occas.onally the con 

St Both 0 the h standard resistor and the calorimeter heater are equipped with 
four copper leads, two of which are for measuring the potential drops. The 
potential leads to the calorimeter heater arc attached to the current-ca y 
ing leads between the calorimeter and the jacket surrounding it at such a 
point that the measured potential will include that part of the potentia 
drop in the current leads which supplies energy to the calorimeter. Ur- 



Fig. 1.—Calorimeter heater circuit. 


dinarily, the proper point of attachment will be approximately halfway 
between the calorimeter and the jacket. The potential leads can be of 
relatively fine wire; in deciding on the size of the current leads, considera¬ 
tion must be given to the opposing requirements of minimizing both the 
energy dissipation in the leads and heat conduction by the leads. 

The accurate evaluation of V*/R by ordinary means requires that V be 
reasonably constant. The most convenient source of constant low voltage 
is the lead storage cell. A sufficient number of these are used in a series- 
parallel arrangement in order to obtain the desired voltage with a current 
drain on each cell not exceeding about 0.1 ampere. The batteries should 
be discharged into a “dummy” resistor of approximately the same resist¬ 
ance as the calorimeter heater for a period of an hour or more before use, so 
that they will come to constant voltage. 

Figure 1 illustrates a simple circuit for the control of the calorimeter 
heater current and the measurement of V 2 /R. The variable resistor, r, 
should be of good quality with low temperature coefficient and constant 
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low contact resistance. In particular, the contact resistance should not 
be affected by such disturbances as mechanical vibrations. These re¬ 
marks concerning contact resistance apply also to the switch, Si. If highly 
accurate timing is not necessary, an ordinary copper knife switch may be 
employed. Modifications of this switch required for accurate timing are 
discussed below. 


2. Measurement of Time 

An ordinary stop watch may be employed for time measurements in 
many cases. It should be calibrated by comparison over periods of a few 
hours with an accurate, e. g., an electric clock. It should be established 
that the calibration of the stop watch is independent of the amount the 
watch is run down. While a stop watch may be read to 0.2 second, it is 
very doubtful that the manual closing and opening of the heater switch, 
jSi (Fig. 1), can be synchronized with the starting and stopping of the watch 
with this degree of precision. The psychological error involved can be 
lessened by mechanical coupling between the switch, S lt and the watch. 
Where the frequency of the a.-c. power supply is sufficiently defined, elec¬ 
tric clocks with a seconds hand can be employed. An electric stop clock or 
an impulse counter 5 can be conveniently synchronized with the heater 
switch by replacing the double pole switch shown in figure 1 by a triple 
pole switch, the third knife of which makes and breaks the clock circuit. 
With a well-constructed switch, the clock circuit will be synchronized 
with the heater circuit within 0.05 second or less. If the precision of tim¬ 
ing thus obtained is insufficient, improvement will require very consider¬ 
able elaboration. Several systems for highly reliable short-interval timing 
have been described. 6 

3. Measurement of Electrical Energy by Means of a Coulometer 

A coulometer 7 measures the product of current by time, by means of 
the amount of a chemical change produced, such as the plating out of 

8 F. T. Gucker, H. B. Pickard, and R. W. Planck, J. Am. Chem. Soc., 61, 459 
(1939). 

8 W. P. White, Phys. Rev., 31, G86 (1910). D. R. Harper, Natl. Bur. Standards 
( U. S.), Bull., 11, 259 (1915). E. Lange and E. O. Rounsefell, Z. physik. Chcm., A142, 
351 (1929). E. Lange and J. Monheim, ibid., A149, 51 (1930). N. S. Osborne, H. F. 
Stimson, and E. F. Fiock, J. Research Natl. Bur. Standards, 5, 411 (1930). J. M. Sturte- 
vant, J. Phys. Chem., 45, 127 (1941). 

7 Ostwald-Luther, Physikochemische Messungen. 4th ed., Akadem. Yerlagsgesell- 
schaft, Leipzig, 1925, p. 564. G. A. Hulctt, in H. S. Taylor, Treatise on Physical 
Chemistry, 2nd ed., Vol. I, Van Nostrand, New York, 1931, p. 591. W. A. Roth and 
H. Troitzsch, Z. Eleklrochem., 36, 242 (1930). 
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silver from solution or the liberation of iodine from iodide Since the de¬ 
velopment of precise and convenient methods of measuring both resistance 
and potential, there has been no necessity for using coulometers m the or¬ 
dinal measurement of electrical energy. Therefore, these instruments 
will not be discussed here, although they have one characteristic which may 
be of importance in some calorimetric applications. A coulometer meas¬ 
ures the integral fV/R dt correctly even for a variable current. Unfor¬ 
tunately it does not measure directly the energy dissipated m the resistor, 
which is given by f V*/R dt, unless the current is such a function of tune 

that (D* = 


4. Integration of a Varying Electrical Power 

In some situations (see page 750) it is necessary to determine the electri¬ 
cal energy introduced into a calorimeter when the heater voltage and cur¬ 
rent vary. This requires the use of some form of integrating watt-second 
meter or joulemeter. Several systems can be thought of in this connection. 
For example, the voltages across the heater and a resistor in series with it 
might be amplified, after conversion to a.-c. by a reed converter if d.-c. is 
used in the heater, and applied, respectively, to the voltage and current 
coils of a modified commercial watt-hour meter. 

A scheme developed in the writer’s laboratory appears to give, under 
somewhat restricted conditions as to the rate of variation of the heater in¬ 
put power, a precision of the order of a few tenths of a per cent. This 
scheme is somewhat cumbersome, but is inherently reliable in its operation; 
it is applicable only in the case of a heater of constant resistance with d.-c. 
applied to it. The varying voltage across the heater is squared by an elec¬ 
tromechanical servo computer. 8 The result is integrated by a device 
which is essentially a rate servo, 8 such that the speed of a small motor is 
made accurately proportional to the output of the squaring computer. A 
revolution counter attached to the shaft of the motor gives a reading which 
is proportional to J'V 2 /Rdt. As actually developed, the registration of 
the revolution counter is recorded on a strip chart recorder along with tem¬ 
perature information of importance. A complete description of this equip¬ 
ment will be published elsewhere. 


III. GENERAL REMARKS ON CALORIMETRY 

Heat energy is difficult to control and therefore to measure. No heat 
insulator corresponds in perfection to the insulating materials for electrical 
energy, nor are there conductors of heat energy which do not absorb large 

8 Compare E. C. Pollard and J. M. Sturtevant, Microwaves and Radar Electronics. 
Wiley, New York, 1948, Chapter 9. 
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quantities of heat. These and other difficulties have brought about exten¬ 
sive elaboration of calorimetric equipment to meet more exacting require¬ 
ments of precision, and the development of corrections for the remaining 
errors. In this section, some of the more important types of calorimeters 
and calorimetric methods are briefly characterized. Detailed discussions 
are given in later sections. For a general treatment, particularly of the 
theory, of calorimetric methods, the reader is referred to White. 9 

1. Uniformity of Temperature 

In general, the temperature of a body can be observed only in a single 
region, or at best in a few selected regions. Therefore, not only the calo¬ 
rimeter, but also its surroundings, should be at uniform and measurable 
temperatures, so that heat losses can be accurately evaluated and cor¬ 
rected for. Temperature uniformity is obtained in two ways: by thorough 
stirring in a liquid; and by taking advantage of the high thermal conduc¬ 
tivity of metals, particularly copper. Efficient stirring of a liquid is ac¬ 
complished in most cases by a propeller, preferably mounted in a tube 
through which the liquid streams. 10 A reciprocating stirrer, that is, a ring 
or series of rings which is moved up and down in the liquid, is inefficient 
if there is a relatively large central obstruction, such as a bomb, in the 
liquid. In order to avoid the direct connection between a calorimeter and 
its surroundings by a stirrer shaft, or to permit tight sealing of the calorim¬ 
eter, stirring can be accomplished by rotating the calorimeter, 11 or by a 
magnetically operated reciprocating stirrer. 12 In a long, thin calorimeter 
containing a liquid, rapid temperature equalization is obtained even in the 
absence of stirring, 13 but this form of calorimeter is unfavorable from the 
point of view of thermal leakage to the surroundings because of its large 
surface-volume ratio. It is important that temperature uniformity be 
rapidly established after the system has undergone a change. This requires 
that all material beyond the immediate range of the stirring, or other tem¬ 
perature-equalizing mechanism, should have as low a heat capacity and 
lag as possible. In particular, metal parts should be used in the construc¬ 
tion of the calorimeter wherever possible, and insulating supports should 

9 VV. P. White, The Modem Calorimeter. Chera. Catalog Co., New York, 1928. 

10 W. P. White, op. cit., p. 65. See also J. Coops and K. van Nes, Rec. trav. chim., 66, 
130 (1047). 

11 S. G. Lipsett, F. M. G. Johnson, and O. Maas, J. Am. Chem. Soc., 49, 925, 1940 
(1927). K. L. Wolf and H. Frahm, Z. physik. Chem., A178, 411 (1937). J. M. Sturte- 
vant, J. Phys. Chem., 45, 127 (1941). 

12 B. H. Carroll and J. H. Mathews, J. Am. Chem. Soc., 46, 30 (1924). J. H. Awbery 
and E. Griffiths, Proc. Phys. Soc. London, 52, 770 (1940). 

11 J. M. Sturtevant, Physics, 7, 232 (1936); J. Am. Chem. Soc. t 59, 1528 (1937). 
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be as light as possible. A strong support for a calorimeter which is pnws- 
tically free of lag, is furnished by properly spaced loops of dental flos . 


2. Liquid and Aneroid Calorimeters 

A quantity of heat is in most cases measured by the temperature rise 
which it produces in a suitable calorimeter. The commonest form of cal¬ 
orimeter is a metal shell filled with a stirred liquid. Numerous examples 
of this type of calorimeter will be found in later sections. For some pur¬ 
poses, particularly at very high and very low temperatures, an aneroid 
calorimeter replaces the liquid-filled calorimeter. In the aneroid type, 
the quantity of heat to be measured raises the temperature of a metal 
block, usually constructed of copper because of the high thermal conduc- 


tivity of this metal. , 

The lower the “dead” heat capacity of the calorimeter the higher is the 
temperature change produced by a given amount of heat. Thus, in the 
determination of heat capacities by observing the temperature change 
produced by a known amount of electrical energy, the substance under in¬ 
vestigation itself is used as the calorimeter filling; in the case of solids, thin 
metal vanes are placed inside the calorimeter to aid in heat distribution 
(page 761). In a bomb calorimeter (page 791), the amount of water 
surrounding the bomb should be no more than is needed for efficient stir¬ 
ring. In the case of an aneroid calorimeter, the optimum dimensions of 
the metal block are such as to give sufficiently rapid temperature equaliza¬ 
tion without undue dead heat capacity. 


3. Nonisothermal Calorimeters 

In nonisothermal calorimeters, heat quantities are estimated by the 
temperature changes they produce. 

A. CONSTANT-TEMPERATURE ENVIRONMENT 

The calorimeter is completely enclosed by a jacket of uniform tempera¬ 
ture. The necessary degree of uniformity and accuracy of measurement of 
the jacket temperature depend on the leakage modulus of the calorimeter 
and on the desired accuracy in the over-all calorimetric measurement. 14 
It is convenient, though not necessary, to have the jacket temperature 
held constant by automatic regulation (page 29). 

Jacket Design.—A constant-temperature environment may be sup¬ 
plied by a jacket containing a stirred liquid, or by a relatively massive 
metal shield. The former type of jacket is employed in most work at 


14 W. P. White, op. tit., footnote 9, p. 50. 
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ordinary temperatures, the latter type at low or high temperatures. In 
both cases, temperature uniformity is more readily obtained when the 
jacket heater is well distributed throughout the jacket; with aneroid 
jackets, this is particularly important. Complete distribution of the heating 
throughout the jacket may he accomplished by Daniels’ procedure. 16 The 
mner and outer (metal) walls of the jacket are insulated from each other. 

I he jacket liquid is an electrolyte of low conductivity. Heating results 
from an alternating potential applied to the jacket walls. The jacket itself 
should be reasonably well insulated thermally from its surroundings. 

Heat Exchange between Calorimeter and Jacket.—The heat exchange 
between the calorimeter and its surrounding jacket has several causes. 
Those which depend chiefly on the temperature difference between the 
calorimeter and the jacket (the thermal head) are conduction by solid 
connections between them, convection and conduction by the intervening 
gas, and radiation. In addition, thermal leakage from the calorimeter may 
in part be due to evaporation from the calorimeter, a factor which is not 
solely dependent on the thermal head. Since the thermal leakage is al¬ 
ways determined by direct observation, it is convenient to include in the 
apparent thermal leakage the heat of stirring, which is independent of the 
thermal head. 

1 hermal leakage through solid connections, such as supports, electrical 
connections, etc., should be very small as compared with that due to other 
causes, provided the connections coming in from outside the jacket are in 
good thermal contact with the jacket before they go to the calorimeter. 
Evaporation should be eliminated as completely as possible; whenever 
possible the calorimeter should be tightly closed. If this is impossible, 
evaporation is lessened by having the jacket always warmer than the calo¬ 
rimeter. 

If the thermal head is smaller than a few degrees, heat exchange due to 
radiation and gas conduction follows Newton’s law. If T is the calorimeter 
temperature at time l and T, is the jacket temperature: 

dT/dl = K(Tj — T) (7) 

where K is the leakage modulus of the system. Heat exchange due to 
convection does not follow this law. Since it is very difficult to evaluate 
the thermal leakage unless equation (7) with a constant value of K is fol¬ 
lowed during an entire experiment, it is important to keep heat transfer due 
to convection to a minimum. According to White, this requires that the 
air gap (at atmospheric pressure) between calorimeter and jacket should 
not exceed 1 to 1.5 centimeters. 

15 F. Daniels, /. Am. Chem. Soc., 38, 1473 (1916). J. W. Williams and F. Daniels, 
ibid., 46, 903 (1924). 
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The heat loss during an experiment may be evaluated with lower relative 

aCCU 7L^hl keP Eir X JX 7J7LT: ^tSelThe k ad m may 

bTkepI small. We shall consider here some of the methods of reducmg the 

^Thfrit'iin'contribution to the leakage modulus is 
ing the outside surface of the calorimeter and the ms.de surface of the 
jacket highly polished. The conduction contribution'* is decreased by 
ivacuating the space between the calorimeter and jacket This , almost 
universally done in low temperature calorimeters, but seldom at ordinary 
temperatures, particularly with liquid calorimeters and jackets, because 
of constructional difficulties. Conduction may also be reduced by using a 
vacuum-jacketed glass container (Dewar flask) as the calorimeter itself. 
The chief objection to this type of calorimeter is its relatively high lag, 
although, in spite of this, it has been employed in very precise work 
(page 825). The leakage modulus can be decreased by increasing the 
width of the air gap between the calorimeter and the jacket, provided an 
increase in convection is prevented by placing in the gap one or more very 
thin metal convection shields. The heat capacity of these shields must be 
as small as possible in order to avoid increasing the lag of the calorimeter. 

Correction for Heat Exchange. 17 —As pointed out by White,® the term 
“correction” here is somewhat misleading. It is preferable to consider the 
unknown quantity of heat as measured in two parts, one of which produces 
a change in the temperature of the calorimeter. The other part flows 
either from or to the calorimeter, and its magnitude is deduced from the 
physical laws governing its flow. This point of view emphasizes the fact 
that it is possible to carry out precise experiments in a calorimeter which* 
undergoes considerable heat exchange with its surroundings, provided that 
due care is exercised in controlling and evaluating this heat leakage. 

Figure 2 represents the time-temperature curve for a calorimetric experi¬ 
ment on a relatively rapid process (combustion, mixing, electrical cali¬ 
bration, etc.). For a prolonged experiment with a slow process, a curve 
would be obtained having a relatively much longer period of calorimeter 
temperature rise. The discussion below does not apply to the latter type 
of process. As indicated in figure 2, the observations are divided into three 
sets, those from times h to h } and t 3 to t 4 , constituting rating periods which 
may be called the fore and after periods, and those from t 2 to t 3 constituting 
the reaction period. The temperature changes in the fore and after periods 


18 See D. R. Harper, Natl. Bur. Standards (U. S.), Bull. 11, 319 (1915), for a discus¬ 
sion of the relative magnitudes of the radiation and conduction contributions. 

17 J. Coops and K. van Nos, Rcc. trav. chim ., 66, 161 (1947), give a detailed discussion 
of this problem as it occurs in combustion calorimetry (page 791). 
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are exaggerated in the diagram. According to equation (7), these changes 
should be represented by curves; however, K is small enough so that, over 
the relatively short time intervals involved, these changes can be approxi¬ 
mated by straight lines. 

Several methods have been devised for evaluating the heat exchange with 
the surroundings. We shall consider a method which gives results of mod¬ 
erate accuracy in simple cases, and three other methods which can be ap- 
plied in accurate work. 



I'ig. 2. Typical time-tcmporaturc record for a calorimetric 

experiment. 


If the process under observation is very rapid, a fairly accurate value for 
the corrected temperature rise may be obtained by linear extrapolation of 
the temperature observations which constitute the fore and after periods to 
the time when the temperature of the calorimeter is equal to the average of 
the values at the start and finish of the reaction period. The corrected 
temperature rise is then T a - T 6 (Fig. 2). 

With a calorimeter of proper design, the rate of change of the calorimeter 
temperature in the fore and after periods is given by equation (7), with a 
constant term, w, added to allow for the heat of stirring and, possibly, a 
small effect resulting from evaporation: 

dT/dt = K(T t — T) + w (8) 

K and w can be evaluated from the data of the two rating periods. If we 
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set „ = T , - T, and denote by * *, and * the mean values of , for the 
fore, reaction, and after periods, we have: 


•Pf = Tt — 

*>r = T, - 


•Pa 



\ (T, + T,) 

SfTdt 
t% — t* 

\ (T, + T.) 



where the integral is evaluated from the plot by counting b * 
means of a planimeter. X and u. are evaluated from the equations. 


R/ «^L*j = X*,+ u, (10) 

tl — tl 


and 



= + w 


(ID 


Here, R r and R a are the mean rates of temperature change in the fore and 
after periods. The “corrected" temperature increase during the process is 
then: 


AT = (T, - T,) - (Kv, + w)(t, - tt) (12) 

If the term w is sufficiently constant from experiment to experiment and 
is considered as being known, one of the rating periods can be dropped, so 
far as the calculations are concerned. In this case we have: 


X 


Rg — W 


(13) 


so that 

AT = (Tj - Tt) - [(ft. - w) + u>] (f. - h) (14) 

= {T> - T,) - [ft. + (ft. - v>) 7 - ^ ] (f, - tt) (15) 

Equation (15) is the basis for the method which White 15 calls the “first 
Geophysical Laboratory method." It is to be noted that, in many cases, 

18 See, however, the interesting discussion by A. King and H. Grover, J. Applied 
Phy 12, 557 (1941). 

W. P. White, The Modem Calorimeter. Chem. Catalog Co., New York, 1928, p. 39. 
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(£r - ’Pa)/*Pa will be a relatively small number, so that w in these cases 
need be known with only small accuracy. 

In some cases, the thermal head cannot be directly measured, for ex¬ 
ample, if the effective temperature of the environment cannot be deter¬ 
mined, as with the older, incompletely jacketed calorimeters. In such 
cases, some form of the so-called Regnault-Pfaundlcr method is used. 
This method is not precise in that the assumption is made that the total 
heat gain or loss by the calorimeter, aside from that due to the process being 
studied, follows equation (7). The effect of stirring (and evaporation) is 
partially taken into account by using the observed calorimeter tempera¬ 
tures to evaluate an effective temperature of the surroundings, which differs 
more or less from the actual temperature of the surroundings because of 
the stirring effect. If it is assumed that the effective temperature of the 
environment remains constant, differences in the thermal head are equal 
to the corresponding differences in calorimeter temperature. Therefore: 


K" _ Ra — R/ Ra — Rf 


( 10 ) 


where f a and T f are the mean calorimeter temperatures in the correspond¬ 
ing periods. Since f /t we obtain: 


AT = (T , - T,) - [r, + (f r _ f/) ] «, _ t,) (17) 

It can be shown that the two rating periods can be interchanged in equation 
(17), so that: 


AT = (T, - T t ) - [*. + (f, - ?.)] «, - (,) (i 8) 

This equation forms the basis for the “second Geophysical Laboratory 
method,” 20 which can be applied when K remains reasonably constant (say 
within ±2%) from day to day. In this case, the predetermined value 
of K is used in equation (18): 

AT = (Tt - T t ) - [R m + K(f r - - tt) (19) 

This expression gives accurate results in cases where T, — T a is small, as 
frequently happens, since then K is multiplied by a small quantity. 

In the method employed by Dickinson, 21 the integral in equation (9) 
is very readily evaluated. A time, U, can be found, such that: 


(T, - TOft. - tt) + (T t - Tz)(U - U - 


ft? (T, — T)dt = - tt) - f? Tdt (20) 

*° W. P. White, op. cit., p. 42. 

* l H. C. Dickinson, Natl. Bur. Standards ( U . S.), Bull. 11, 189 (1915). 
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equal. Dickinson found that, in combust.on experiments, C, is y 
nearly the time at which the calorimeter temperature has r “ c hed the v«,> 

0 60 (T, - T t ) + T 2 . (If the temperature curve were a true exponent a 
SSi the factor here would be 0.63.) Thus, if one can make.a^fa^ty ac¬ 
curate estimate of the temperature increase to be expected m an exp 
ment, the heat-exchange correction can be evaluated from a angle obse 
tion during the reaction period. For limitations in the application of this 
method, the reader is referred to Dickinson’s paper,” and to the discussion 

by iTtlM foregoing discussion, no account lias been taken of possible lags 
in the various temperature measurements. The heat exchange betw 
the calorimeter and the jacket is primarily determined by the temperatures 
of the outside surface of the former and the inside surface of the latter 
Error will be introduced if the temperature of the surface of a poorly stirred 
calorimeter, during a period when its temperature is rapidly changing, is 
inferred from the reading of a thermometer located in its interior, this 
error is eliminated, except for thermometric lag, which can be made very 
small in the case of electrical thermometers, if the thermal head is evaluated 
by thermocouples or resistance thermometers suitably distributed over the 
surfaces which control the heat exchange. It should be pointed out that 
lag errors in the evaluation of AT are not necessarily confined to those in¬ 
volved in the computation of the heat-leakage correction. White” has 
given a thorough discussion of the various types of lag occurring in calori¬ 
metric observations; in particular, he has shown that all constant lags in¬ 
troduce negligible errors if the calorimeter is experimentally calibrated. 


B. ADIABATIC METHOD 

Heat exchange between the calorimeter and its environment is elimi¬ 
nated if the thermal head is zero at all times. This fact is the basis of the 
adiabatic method carried to a high degree of development by Richards 24 
and his collaborators. 

The maintenance of a zero thermal head is an ideal situation which can¬ 
not be realized in actual practice. This simple fact has been often neg¬ 
lected in considerations of the adiabatic method. Actually, the obser¬ 
vation of the smooth calorimeter-temperature-time curve, which is needed 

** W. P. White, op. cit., p. 57. 

u W. P. White, op. cit., p. 86. 

«« T. W. Richards, /. Am. Chan. Soc., 31, 1275 (1909). 



J. M. STURTEVANT 


for the evaluation of the heat-leakage correction in the ordinary method 
is replaced in the adiabatic method by a manual or automatic adjustment 
of the jacket temperature. It may happen, particularly in experiments 
of short duration, that the evaluation of the heat-loss correction can be 
carried out in the ordinary method with greater accuracy than can be at¬ 
tributed to the “elimination” of the heat loss in the adiabatic procedure. 
In other words, it is usually not the size of the heat-loss term which is im¬ 
portant, but the accuracy with which it can be determined. 

A very instructive discussion of the relative merits of the ordinary and 
adiabatic methods has been given by White. 25 We shall mention here four 
of the advantages of the adiabatic procedure which have led to its very 
widespread adoption: (/) In the evaluation of the heat-leakage correction 
in nonadiabatic calorimetry, the assumption is made that the leakage 
modulus, K , remains constant during an experiment. Errors due to vari¬ 
ation in K, and to deviation of the heat exchange from Newton’s law, are 
reduced in the adiabatic method, since the multiplier of K , the thermal 
head, is small. (2) Maintenance of a small thermal head reduces convec¬ 
tion in the air gap. It is thus permissible to use considerably wider air 
gaps, with correspondingly smaller leakage moduli, in the adiabatic 
method. This advantage can, however, be realized in the ordinary 
method, as mentioned above, by employing convection shields. (3) 
1 roubles due to evaporation from an incompletely sealed calorimeter are 
less serious in the adiabatic method. However, it should again be em¬ 
phasized that complete elimination of evaporation by tight sealing is always 
desirable if it can be accomplished. U) The greatest advantage of the adi¬ 
abatic procedure comes in its application to prolonged 26 calorimetric ex¬ 
periments (see Section VIII, pp. 834-843). In such cases, the heat-loss cor¬ 
rection in the ordinary method might be as large as, or even larger than, 
the total quantity of heat to be measured, and it could only be evaluated on 
the basis of rating periods of such long duration that the relatively simple 
computational methods outlined above would have to be considerably am¬ 
plified. On the other hand, in the adiabatic method, the heat-loss term 
can be held to a small fraction of the total and correction for any deviation 
from strict adiabaticity can be based on relatively short rating periods. 
In fact, with constant stirring heat, the deviation from adiabaticity will, 
in some cases, be sufficiently constant so that it need be determined only 
occasionally. This is because, as mentioned above, variations in the mag¬ 
nitude of K are of less importance when the thermal head is always small. 

In protracted experiments the change of the temperature of the calo- 


26 W. P. White, op. cit., p. 116. 

10 See the interesting discussion by F. Barry, J. Am. Chem. Soc., 44, 899 (1922) 
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by T a he h d^gn of adiabatic calorimeters is similar to that of other calorim¬ 
eters, with the exception that wider air gaps are usualty emptoyed. Ex¬ 
amples of adiabatic calorimeters will be found in later sections. 

C. TWIN CALORIMETERS 

For some purposes, the twin calorimeters first employed by Joute*’ and 
later by Pfaundler- are very valuable. The apparatus consists of two 

calorimeters as nearly identical in construction as poss.b c supportcd w th- 

in one jacket. The calorimeters can be electrically heated by two heaters 
(usually of equal resistances) connected in series. If, during an experimen , 
the temperatures of both calorimeters change at very nearly the same rate, 
the thermal leakages will be very nearly the same. While this does not 
necessarily mean that the error due to thermal leakage vanishes, it does 
follow that any small residual error can be accurately evaluated by sui - 
able rating periods. When the adiabatic method is applied to twin calo¬ 
rimeters, virtually complete elimination of the need for any heat eakage 
correction can be accomplished. Of course, in this case, it is still neces¬ 
sary to make suitable corrections for any differences between the two calo¬ 
rimeters with respect to stirring heats, evaporation effects, etc. 

The chief advantage of twin calorimeters is that they permit relative 
measurements to be made in such a way that the observations of tempera¬ 
ture upon which the results are based are essentially differential observa¬ 
tions. It thus becomes possible to utilize most advantageously the prop¬ 
erties of thermocouples as indicators of temperature differences. For ex¬ 
ample, in the determination of the heat capacity of a solution, one calorim¬ 
eter contains pure solvent while the other contains solution. When both 
calorimeters are heated with precisely the same electrical energy input, 
through a certain temperature interval, a small temperature difference be¬ 
tween the calorimeters will result. This difference can be measured with 
great precision and, after correction for slight differences in heat losses, 


27 J. P. Joule, Mem. Proc. Manchester Lit. Phil. Soc., 2, 559 (1845). 

28 L. Pfaundler, Sitzber. Akad. Wiss. IPten Math.-nalurw. Klasse, 59, 145 (1869); 
100, 352 (1891). 

29 See W. P. White, op. cit., footnote 19, p. 126. 
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stirring heats, etc., leads to a very accurate evaluation of the heat capacity 
of the solution relative to that of the solvent. 

Twin calorimeters have been very successfully applied to measurements 
of rapid processes, particularly to heats of dilution in the range of low con¬ 
centrations within which the heat effects are very small. Illustrations of 
these applications will be found in Section VII (pages 825-827). Twin 
calorimeters are especially valuable in the observation of very slow heat 
effects.* 0 In the case of an exothermic process, the tare calorimeter is 
heated sufficiently to maintain its temperature equal to that of the reaction 
calorimeter, while, in the case of an endothermic process, the working 
calorimeter is heated to hold its temperature equal to that of the tare. At 
the end of the experiment, the two calorimeters are heated with their 
heaters connected in series to determine the difference in the heat capacities 
of the two calorimetric systems. The successful application of this pro¬ 
cedure to cases where the heat effect varies with time requires the develop¬ 
ment of an accurate method (see page 739) for evaluating the integral, 
J'd\V 2 /R)dt, where V , the potential impressed on the heater of resistance 
R, is a function of time t. The advantage of differential temperature 
measurements characteristic of twin calorimeters is obtained to some extent 
with a single calorimeter when the temperature measurements are made 
with a thermel the reference junctions of which are immersed in a “cold 
calorimeter” such as that described on page 24. 

4. Isothermal Calorimeters 

PHASE-CHANGE CALORIMETERS 

In one form of isothermal calorimeter, a quantity of heat is measured 
by the amount of isothermal phase change which it produces in the cal¬ 
orimeter material. The most common and convenient type of isothermal 
calorimeter is the Bunsen 31 ice calorimeter. The calorimeter usually con¬ 
sists of a glass tube, A (see Fig. 3), sealed into another tube, B, which is 
filled with air-free water and mercury. The bottom of the outer tube con- 

10 A. V. Hill, J. Physiol., 43, 261 (1911). II. H. Dixon and N. C». Ball, Sci. Proc. Roy. 
Dublin Soc., 16, 153 (11)20). \V. Swictoslawski, Microcalorimctry, Reinhold, New York. 

1946. Chapter IV. 

31 R. Bunsen, Ann. Physik, 141, 1 (1870). For more modern descriptions of ice calo¬ 
rimeters, see Ostwald-Luther, Physikochemische Messungen, 4th ed., Akadem. Verlagsge- 
sellschaft, Leipzig, 1925, p. 393; W. A. Patrick and C. E. Greider, J. Phys. Chem., 29,1031 
(1925); W. Swiotoslawski, A. Zmaczyriski, I. Zlotowski, J. Salcewicz, and J. Usakiewicz, 
Compt. rend., 196, 1970 (1933), Roczniki Chem., 14, 250 (1934); W. Hieber and F. 
Muhlbauer, Z. anorg. Chem., 186, 97 (1930); W. Hieber and E. Reindl, Z. Eleklrochem., 
46, 559 (1940); W. Swictoslawski, M icrocalorimctry, Reinhold, New York, 1946, 
Chapter V. 
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nects by means of a small glass tube with a mercury reservoir C, and a 
capillary tube leading to a removable weighed vessel containing y 

Tube B is completely immersed in a mixture of ice and wa r in 

A portion of the water in B is frozen, after .t ha,. beer. cooled to 
0°, by temporarily placing a freezing mixture m 

exothermic reaction occurring in A causes some of th > to ' meH 
giving rise to a contraction in volume and a decrease m the weight of the 
mercury in D. The very slight heat exchange of the calorimeter with its 
surroundings is determined in a rating period. The apparatus is calibrate 
by an electrical heater, or by dropping into it a body of known heat 
capacity previously brought to a known 
temperature. Because of the isothermal 
characteristic of the ice calorimeter, it is 
possible to keep the heat exchange with the 
surroundings very low. The apparatus is 
therefore particularly useful in the deter¬ 
mination of small and very slow heat effects. 

Its chief disadvantage is that it can be A 
employed only at 0°. This disadvantage is 
partially removed by employing other sub¬ 
stances in place of ice. Diphenylmethane 0 
(m. p., 24.7°) has been used 32 for this pur¬ 
pose, as have also diphenyl ether 33 and acetic 
acid. 34 

The development of the ice calorimeter 
has recently been carried to an advanced 
state by Ginnings and Corruccini. 35 These Fig. 3.—Icc calorimeter, 

authors have shown that with suitable ap¬ 
paratus and appropriate precautions, heat content measurements by the 
method of mixtures (page 780) can be carried out with an ice calorimeter 
with an accuracy of 0.2% or better. 

The vaporization of a liquid or the condensation of a vapor may also be 
employed for the measurement of heat in an isothermal calorimeter. For 
example, Simon and Ruhemann 36 have described a calorimeter for deter¬ 
mining heat capacities at low temperatures by the method of mixtures 

M a. N. Shchukarev, I. P. Krivobabko, and L. A. Shchukareva, Physik. Z. Sowjet- 
union, 5, 722 (1934). M. M. Gordon, Tsemenl, 5, No. 9-10, 39 (1937). 

33 T. Holmberg, Soc. Sci. Fennica, Commentationes Phys.-Malh., 9, No. 17 (1938). 

3i L. de Visser, Z. physik. Chem., 9, 767 (1892). 

» D. C. Ginnings and R. J. Corruccini, J. Research Nall. Bur. Standards, 38, 583, 
593 (1947). 

36 F. Simon and M. Ruhemann, Z. physik. Chem., 129, 321 (1927). See also C. A. 
Taylor and W. H. Rinkenbach, J. Am. Chem. Soc., 46, 1505 (1924). 
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(page 780), the heat given up to the calorimeter by a body of slightly 
higher temperature dropped into it being measured by the increase in 
vapor pressure of the liquefied gas, such as hydrogen, contained in the 
calorimeter. Kraus 37 and his collaborators have determined the heat ef¬ 
fects of rapid processes in liquid ammonia at its boiling point by measuring 
the amount of gas evolved by the heat of the reaction. Stout and Jones 38 
determined the heat evolution due to the a-decay of plutonium by measur¬ 
ing the evolution of nitrogen gas from a calorimeter containing liquid ni¬ 
trogen. 

B. LABYRINTH FLOW CALORIMETKR 

Junkers 39 used a flow calorimeter in the determination of the heat of 
combustion of gases (see page 799). Swietoslawski 40 and his collaborators 
have further developed this type of calorimeter. The calorimeter proper 
is located within a labyrinth consisting of several concentric passageways 
through which water (or other liquid) from a thermostat flows. The de¬ 
sign is such as to insure that a precise measure of the heat effect in a time 
interval in the body under investigation is obtainable from a knowledge 
of the rate of liquid flow, the specific heat of the liquid, and the temperature 
difference between the ingoing and outflowing liquid. The liquid flow is 
usually made rapid enough to maintain essentially isothermal conditions 
in the calorimeter, even in cases where the heat effect to be measured varies 
with time. Under such conditions the heat capacity of the calorimeter 
does not enter into the computations. 


5. Importance of Experimental Calibration 


In the earlier days of calorimetry, the heat capacity of a calorimeter was 
frequently estimated from a knowledge of the masses and specific heats of 
the materials used in its construction. It cannot be too strongly empha¬ 
sized, however, that calorimetric measurements should be based on elec¬ 
trical calibration wherever this is possible. Even in cases in which the use 
of an electrical heater for calibration purposes is impossible, as in the case 
of the rotating calorimeter of Lipsett, Johnson, and Maas, 41 calibration 
should be accomplished by making observations on a process with a known 


n C. A. Kraus and J. A. Ridderhof, J. Am. Chew. Soc., 56, 79 (1934). C. A. Kraus 
and R. F. Prescott, ibid., 56, 86 (1934). C. A. Kraus and F. C. Schnudt, 56, 2297 
(1934). F. C. Schmidt, F. J. Sluder, and J. Sottysiak, t bid., 60, 2780 (1938). 

» J. W. Stout and W. M. Jones, Phys. Rev., 71, 582 (1947). 

» H. Junkers, J. Gasbel., 50, 520 (1907). 

«o W. Swietoslawski, Microcalorimetry. Reinhold, Now York, 1946, Chapter X 
4i s. G. Lipsett, F. M. G. Johnson, and O. Maas, J. Am. Chem. Soc., 49, 925, 1940 

(1927). 
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calibration. 

6. Calorimeters of Special Types 

The variety of designs in calorimetric work is evidence of tje ^ct that it 
is impossible to state a few simple principles of design which app y 
cases We shall mention briefly a few calorimeters of special des.g: ■ 

Chall and Doepke** have measured heat effects in amm 

room temperature. Calorimeters for use at more or ^ elevated tem^ra. 
lures have been described by several authors.** Daniels et a , d f ‘® e 
calorimeter having quartz windows with which the heats of P h °^eimc 
processes can be determined. Rather frequent use** has been made of the 
Favre-Silbermann calorimeter, in which the temperature change is indi¬ 
cated by contraction or expansion of the (unstirred) calorimeter liquid. 

In his recent book,** Swietoslawski describes several calorimeters of 
more or less special type, in most cases designed by him and his collabora- 
tors in Warsaw. 

IV. HEAT CAPACITIES 

The heat capacity 47 of a system at temperature T is the limit, as 
proaches zero, of the ratio bQ/bT , where bQ is the amount of heat which 

« P. Chall and O. Docpke, Z. Eleklrochem., 37, 357 (1931). 

« See e. a., W. P. White, op. rit., footnote 19, p. 159: L. Navias, J. Am. Ceramic Soc., 
6, 1268 (1923); J. D. Davis, Ind. Eng. Chen,. 16, 726 (1924); W. Kangro and H. 
Grau, Z. physik. Chen,., Bodenstein-Festband, 85 (1931); L. G Carpenter and T. V 
Harle Proc. Phys. Soc. London, 44, 383 (1932); 0. Kubachewski and A. Walter, Z. 
Elektrochem., 45, 630 (1939); L. G. Carpenter and A. R. Bryant, J. Sc,. Instruments, 16, 
183 (1939) 

44 j L. Magee, T. W. DeWitt, E. C. Smith, and F. Daniels, J. Am. Chem. Soc., 61, 
3529 (1939). See also J. Tonnelat, Ann. phys., 20, 601 (1945). 

« See H. Schottky, Physik. Z., 10, 634 (1909). K. R. Andress and E. Berl, Z. physik. 
Chem., 122,81 (1926). 

« W. Swietoslawski, Microcalorimetry. Reinhold, New York, 1946. 

47 G. N. Lewis and M. Randall, Thermodynamics and the Free Energy of Chemical 
Substances. McGraw-Hill, New York, 1923, p. 56. 
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must be introduced into the system to increase its temperature from T to T 
+ ST. In accordance with the discussion on page 734, we must distinguish 
the cases in which the system is heated at constant volume and at constant 
pressure. Thus, the heat capacity at constant volume is: 

C. = (ZU/dT), (21) 

and the heat capacity at constant pressure is: 

C p = [d(U + PV)/dT), = (dH/dT), (22) 


The unit of mass in these expressions is the mole. If the unit of mass is the 
gram, c, and c p are the specific heats at constant volume and at constant 
pressure. For an ideal gas C p — C, - R, the gas constant; in general: 48 


(d V/dT)l 

(dVydP)r 


(23) 


a quantity which is small in many condensed systems. 


1. Importance 

The absorption of energy by a substance as its temperature is increased is the re¬ 
sult of increasing the populations in the higher energy states available for the mole¬ 
cules. At the relatively low temperatures available to heat-capacity measure¬ 
ments, these higher states are states of higher translational and rotational energy 
of the molecules, and higher energies of internal motions such as vibrations and rota¬ 
tions of atoms and groups relative to each other. In the case of solids, lattice vibra¬ 
tions and rotations are also of importance. It is thus evident that the study of 
heat capacities is of the greatest importance in connection with theories of molecular 
structure and of the various states of aggregation of matter. 

Several applications of heat-capacity data may be cited to show their great im¬ 
portance, such as the calculation of the temperature coefficients of heats of reac¬ 
tion, the evaluation of entropies and free energies by means of the third law of 
thermodynamics, and the establishment of purity by determination of the heat 
capacity of a solid substance just below its melting point. 

A. CHANGE OF HEAT OF REACTION WITH TEMPERATURE 

Since the value of A H for a reaction is the difference between the sums of the 
heat contents of the reactants and of the products, it follows from equation (22) 
that: 

[&(Aff)/dr], = AC, (24) 

where AC, is the sum of the molal heat capacities of the products less that of the 
<• G. N. Lewis and M. Randall, op. tit., p. 186. 
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Methods of integrating this equation s ^ y calculate A H at any tempera- 
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knowledge of the heat capacities of the reactants and products. 

B EVALUATION OF ENTROPIES BY MEANS OF THE THIRD LAW 

A restricted statement 11 of .1* thi,d U» of ‘ ,! 

entropy of all “perfect crystals is zero » ^ 2erQ A "perfect" crystal is 

2 ta P E\^S^-ent of atoms is repeated wiUout modificaticm 

Process carried out reversibly at constant pressure at tern- 
pcrature T, the entropy change dS is: 

dS = dH/T < 25) 


It follows from equation (22) that: 

dS = 0 C p /T)dT 

Integration gives for the entropy of the system at temperature T: 

S - So = fo T ( C,/T)dT = f 0 T CA In T 

According to the third law, if the system under consideration is >«P«I 
substance which forms perfect crystals at T = 0, then So - _• ; (27 ) 

undergoes any phase transitions in the interval T = 0 to T - T, equation ( 

must be modified: 


( 20 ) 

(27) 


8 = f 0 T ‘ C,d In T + (A Hi/Ti) + 


f T T ; C,d\nT + (AH ,/T,) + ... 


(28) 


Here, T, is the temperature of the first phase transition AW, is the isothermal heat 
of that transition, and so on. In many cases, severa phase transitions wiUbe 
involved, including transitions between different crystalline modifications, melting, 

aD ItIs obviously impossible to extend measurements of C v to T = 0, so that an ex- 

.. G. Kirchhoff, Ann. Physik, 103, 177 (1858); G. N. Lewis and M. Randall, op. cit., 
o. 101. See also F. T. Gucker, J. Chem. Education, 8, 2398 (1931). . ....... 

» J. G. Aston, in H. S. Taylor and S. M. Glasstone, Treat,sc on Physical Chemistry. 
3rd ed., Vol. I, Van Nostrand, New York, 1942, p. 515. See also G. N. ^ and M. 
Randall, op. cit., p. 435; R. R. Wenner, Thermochemical Calculations, McGraw-Hill, 
New York, 1941, p. 86; G. S. Parks and H. M. Huffman, Free Energies of Some Organic 
Compounds, Reinhold, New York, 1932, p. 31; E. F. Burton, H. Grayson Smith and 
J. O. Wilhelm, Phenomena at the Temperature of Liquid Helium, Reinhold, New York, 
1940 p 156 

•■’Methods of determining the heats of phase transitions are considered in Section 
VI (pages 802-815). 
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trapolation has to be performed from some low temperature. In the most reliable 
determinations of entropy, the heat-capacity measurements are extended down to 
temperatures obtainable by evaporating solid hydrogen under reduced pressure 
(15° K. or lower). At these low temperatures, the heat capacity is in general very 
small, and in most cases can be assumed to be proportional to T 3 . According to 
theoretical considerations, it is C, which should be proportional to T 3 at very low 
temperatures. However, in the region in which this proportionality holds, the 
difference between C, and C p is usually negligible. With this assumption it readily 
follows that: 

fj Cpd In T « >A(C,)r (29) 

where (C p ) r is the value of the heat capacity at some low temperature T near 10° 
K. The integrals in equation (28) above the lowest temperature at which meas¬ 
urements are made are evaluated graphically. 

If the approximation referred to above is not sufficiently accurate, or if the actual 
measurements do not extend to temperatures as low as 15° K., considerably more 
elaborate extrapolation procedures must be adopted. These are based on the 
theoretical treatments of Einstein, Debye, and Born and von K&rmdn. The reader 
is referred to the discussions by Aston 3 * and Wenner 33 for details concerning these 
extrapolation methods. Kelley, Parks, and Huffman 34 have described a semiempiri- 
cal method of extrapolation which has been applied to many organic compounds for 
which measurements have been extended only down to liquid air temperatures 
(about 90° K.). This procedure does not lead to very accurate extrapolations, but 
it is very easy to apply and gives results which are sufficiently accurate for many 
purposes. 

C. FREE ENERGIES 

From a practical point of view, one of the most important applications of entro¬ 
pies evaluated from heat-capacity data or by statistical methods is in the calcula¬ 
tion of free energies and equilibrium constants. In the words of Rossini: 33 “The 
ultimate end of chemical thermodynamics may be said to be the evaluation of the 
free energy of formation, from the appropriate fundamental units of matter, of 
every substance in all possible states.... From the standpoint of the compilation 
of the ultimate or master table of chemical thermodynamics, the most important 
thermodynamic properties, in addition to the free energy itself, are the heat con¬ 
tent and the entropy; and the successful evolution of the master table is predicated 
upon the existence of accurate values of the heats of formation and the entropies 
of formation.” 

The standard entropy of formation of a substance, AS 0 , is the entropy increase 
accompanying the formation of one mole of the substance in its standard state from 
its elements, taken in their standard states. Entropies of formation usually refer 

H J. G. Aston, loc. cil., footnote 50, p. 620. 

33 R. R. Wenner, op. cil., footnote 50, p. 142. 

64 K. K. Kelley, G. S. Parks, and H. M. Huffman, J. Phys. Chem., 33,1802 (1929). 

“ F. D. Rossini, Chem. Revs., 18, 233 (1936). 



XIV. 


CALORIMETRY 


757 


rSKSSSrHSSSS 


asinesuuiui - ... 4 . 

minus the corresponding sum for the reactants. 

For any isothermal process, the important relation. 

if = Atf - T AS 


(30) 


.. w . r „ ap and AH are the increases in free energy and heat content 

»—»" *- “ b - 

stances involved are in their standard states, equation (30) becomes. 

A F° = A// 0 - T AjS° ( 31 ) 

(The superscript is frequently omitted from the symbol AH’.) This relation is the 
£» of one of the most important methods of evaluating free energies of forma ,om 
Values of AH of formation are usually evaluated from calorimetric data, ch e y 
Seats of combustion (Section V). The standard free W any 

reaction can be computed from free energies of formation in exactly the same way 

“SumbSconstant, K, for a reversible reaction can be calculated ^m the 
standard free energy change for the reaction, and thus also from the changesim 
heat content and entropy accompanying the reaction with the reactants an I 
ucts in their standard states, by means of the relation: 


-A F° = RT In K 




The choice of standard states used in these considerations must be clearly speci¬ 
fied In connection with heats of formation (Section V), the standard state usu¬ 
ally employed is that state which is stable at 25° and a pressure of one atmosphere. 
Thus for hydrogen the standard state is represented by Hj <*., i atm.)- In entropy 
and free energy calculations, the standard state of a gaseous substance is usually 
taken as the ideal gas state at unit fugacity. This standard state would more 
properly be employed also in connection with the heat contents of gases. However, 
for most gases, this change in standard state corresponds to a difference in heat con¬ 
tent which is beyond the limits of present experimental accuracy. The heat con¬ 
tent of a gas in the ideal gas state at unit fugacity is the same as the heat content of 
the real gas at zero pressure. 

Empirical and seraiempirical rules have been devised which permit the estimation 
of the entropies and free energies of certain classes of compounds. 47 


D. HEAT CAPACITIES OF SOLIDS JUST BELOW THEIR MELTING POINTS 

It will be shown in a later section (page 805) that a critical estimate of the purity 
of a substance can be based on its behavior during melting. Another criterion of 

66 G. N. Lewis and M. Randall, op. oil., footnote 47, p. 155. 

» Sec, for example, K. S. Pitzer and D. W. Scott, J. Am. Chem. Soc. } 63, 2419 (1941); 
G. S. Parks and H. M. Huffmann, op. cit., footnote 50, and R. R. Wenner, op. cit., 
footnote 50, p. 161. 
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purity which is very closely related to this is obtained from measurements of the 
heat capacity just below the melting point. It has frequently been observed w that 
the apparent heat capacity of an impure substance shows a rapid increase below 
the melting point. This phenomenon is called premelting, since it can be at¬ 
tributed to absorption of heat as a result of the melting of a portion of the ma¬ 
terial. Figure 4 shows a typical heat-capacity curve for such a case. The dotted 
portion of the lower curve (for the solid state) represents the behavior to be ex¬ 
pected for a pure substance. If the heat of fusion is determined by heating the im¬ 
pure substance from 7\ to T t , it is of course necessary to deduct from the observed 
heat input the quantities, J]T m C p ,. oUd > dT and f/j C p( | iqui< , dT (see page 803). In 
the first integral, the value of C p(B0 ii,i, employed must be corrected for premelting. 

It can be shown 19 on the basis of the laws of dilute solutions, in cases in which no 
solid solutions are formed, that the observed specific heat of the solid mixture at 
T° K. is given by: 


Cp (obn.) 


Cp + 


nJiTi 

(To - fy 


(33) 


~ c p + 


AH f (T 0 - T m ) 
Mx(T 0 - ry 


In these equations, n a is the number of moles of solute (impurity) per gram of sol¬ 
vent, T 0 is the melting point of the solvent (degrees K.) f T m is the temperature at 
which the solid solvent is in equilibrium with 
liquid having the composition of the mixture, 

A H f is the molar heat of fusion of the solvent, 
and Mi is the molecular weight of the solvent. If 
A// r is measured in calories, R has the value 1.986. 

These equations are derived on the assumption 
that equilibrium between solid and liquid phases 
is maintained during the heat-capacity deter¬ 
mination. Experimental 59 results show that it 
is possible to approach this ideal situation quite 
closely. In most cases, c p can be expressed with 
sufficient accuracy in the form A + BT in the 
short region below the melting point which is of Fig. 4 .—Typical premelting 
interest in the present connection. Thus, the behavior: I and IV, pure solid 
mole fraction of impurity can be estimated by and liquid, respectively; II and 
fitting the observed specific heats to an equation HI, impure samples, 
of the form: 

c p (ob.., = A + BT + C/(T m - T) 2 (35) 

(since T m « To). Obviously n 2 « C/RTi. 

It should be noted that equation (34) shows that premelting heat capacities give 



M E. L. Skau, J. chim. phys ., 31, 366 (1934). 

59 H. C. Dickinson and N. S. Osborne, Nall. Bur. Standards ( U . S.), Bull. 12, 49 
(1915). M. Le Blanc and E. Mobius, Ber. Verhandl. sdchs. Akad. PFiss. Leipzig, 
Math.-phys. Klasse, 85, 75 (1933). E. L. Skau, /. Am. Chem. Soc., 57, 243 (1935). 
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purity’ that the specific heat of the soli.l form just below the meltmg tcmperatmc 
should be less than that of the liquid form. 

E. EMPIRICAL AND THEORETICAL ESTIMATION OF HEAT CAPACITIES 

A rough estimate of the molal heat capacity, at constant pressure, of ^ohd sub¬ 
stance at ordinary temperatures may be obtained from Kopp s law. At g 
to this law, the heat capacity of a solid substance can be approximately exprM«« 
as the sum of the “heat capacities” of its constituent atoms, if one ass.gns the folio - 
ing atomic “heat capacities” in calories per degree: C, 1.8; H, 2/3 B, 2.1,at, 

3 8-0 40: F, 5.0; P, 5.4; S, 5.4; and 6.2 for the heavier atoms. The heat capac- 
ity’of a liquid is generally larger than that of a solid. The 

capacity of a liquid may be roughly approximated by a modification of Kopp 
law, using atomic “heat capacities" larger than those given in the preceding para¬ 
graph by two calories per degree in each case. , 

Much attention has been given in recent years to the problem of correlating t 
molecular structures of gaseous substances with their heat capacities, entropies, 
and other thermodynamic properties. Statistical mechanical methods have been 
developed for computing heat capacities and entropies from molecular and spectro¬ 
scopic data.* 3 The agreement between entropies calculated in this way for numer¬ 
ous substances and those obtained from heat-capacity data has given ample verifi¬ 
cation of the third law. Significant discrepancies found in other cases have been 
traced to various causes, such as deviation of crystals from the “perfect crystalline 
state, or incompleteness in the statistical treatment. For example, it has been 
found, in the case of ethane and other organic compounds, that it is necessary to 
modify the statistical treatment to allow for hindering potentials restricting the ro¬ 
tation of groups relative to each other about single bonds. Several semiempincal 
rules have been developed for estimating the heat capacities of various series of 

<0 E. L. Skau, Bull. soc. chim. Bclg., 43, 287 (1934); J. Ph**. Client., 39, 541 (1935). 

81 H. Kopp, Ann. Chem., Suppl., 3,1, 289 (1864). 

82 R. R. Wenner, op. cit., footnote 50, p. 16. 

83 The literature on this subject is very extensive. Discussions, with references, are 
given by E. 13. Wilson, Jr., Chem. Revs., 27, 17 (1940); J. G. Aston, for. cif., footnote 
50; R. R. Wenner, op. cit., footnote 50, p. 114. 
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organic compounds. 64 - 61 For example, according to Pitzer,** the heat capacity of 
any gaseous normal or branched-chain paraffin above ethane is given, at tempera¬ 
tures up to 450° K., with rather good accuracy by the expression: 

C v = 5.65 n - 0.62 + f(0.0111n + 0.0158) (36) 

where n is the number of carbon atoms in the molecule and t is the temperature in 
degrees centigrade. 

2. Determination of Heat Capacities 

It is evident from equations (21) and (22) that the true heat capacity 
cannot be determined directly by calorimetric means because this quantity 
is the slope of the energy or heat content curve. The quantity determined 
experimentally is a mean heat capacity between two temperatures: 

C P = A Q/(T t - T x ) = (H t - H x )/(Ti - T x ) (37) 

in the case of constant pressure. If the curve of C p vs. t is nearly linear 
between T x and T 2 , and T 2 — T 1 is sufficiently small, the value of C p can be 
identified with C v at ( T x + T 2 )/ 2. Thus approximation can be safely made 
in most cases if T 2 — T x does not exceed 5°. Due allowance must be made 
for any change in the distribution of the material between the phases pres¬ 
ent. Thus, in determining the heat capacity of a liquid, some of the energy 
introduced is used in vaporizing a small fraction of the liquid. 67 

Certain of the procedures for determining heat capacities will be con¬ 
sidered here in some detail, particularly with regard to the calorimetric ap¬ 
paratus employed. Attention will be limited to methods and apparatus 
which may be of interest or of practical value to organic chemists. A very 
inclusive review on heat capacities will be found in the monograph by 
Eucken. 68 However, it should be borne in mind that many important ex¬ 
perimental and theoretical advances have been made in the last decade. 

The experimental procedures discussed on pages 760-782 are classified ac¬ 
cording to whether they apply to measurements at low (10° K. to room 
temperature), moderate, or high temperatures. 

A DETERMINATION OF HEAT CAPACITIES AT LOW TEMPERATURES 

Most of the work at low temperatures has been carried out by the 
Nernst 69 method. The material under investigation is contained in a metal 

04 K. Benncwitz and YV. Rossncr, Z. physik. Chem., B39, 126 (1938). 

65 R. R. YVonncr, op. cit., footnote 50, p. 185. 

M I\. S. Pitzcr, J. Am. Chem. Soc.. 63,2413 (1941). 

87 II. J. Hoge, J. Research Natl. Bur. Standards, 36, 111 (1946), has given a detailed 
discussion of the vapor correction. 

68 A. Eucken, Energie- und Wdrmeinhalt. Vol. VIII, Part 1, of Wien-Harms, Hand- 
huch der Experimentalphjsik, Akadem. Verlagsgescllschaft, Leipzig, 1929. 

09 A. Eucken, Physik. Z., 10, 586 (1910). W. Nernst, Sitzber. preuss. Akad. TFiss. 
Physik.-math. Klasse, 1910, 262; Ann. Physik, 36, 395 (1911). 
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t0 o V erv low pressure to improve the isolation of the calorimeter, 
the Nernst tjpe of apparatus, the jacket is held at a constant ternpemture 
during a heat-capacity determination, and correction is made or the sma 
heat leakage from the calorimeter. Recently, scveralad.abaUccalonme 
ters have been described in which the jacket-calorimeter temperature dif 
ference is kept so small that thermal leakage is negligible. 

Considerable elaboration and refinement of low-temperature calorimeters have 

taken place in recent years, particularly in this country.™ The apparatus de- 
scribed by Yost et air illustrates the equipment which is used in work from 15 . 

to room temperature. Their calorimeter is of the adiabatic type ^ rst 7 ® mp l°^ 
by Lange, 70U and later further developed by Southard and Bnckwedde. Aston 
and Eidinoff 70 " have also published a description of an adiabatic apparatus which 

is somewhat different from that of Yost et al. 

Figure 5 shows in detail the lower part of the calorimetric assembly ot Yost 
et al. The whole assembly is contained within a Dewar flask which serves as a 
liquid-air container. The gold-plated copper calorimeter, 1, is suspended by 
filling tube 2 within an electrically heated radiation shield, 3. The calorimeter 
is equipped with a well, 4, which contains a platinum-encased coil of platinum 
wire, 5, which serves both as heater and as thermometer. Perforated disks, 6, ex¬ 
tending from the re-entrant well to the wall of the calorimeter serve to decrease 


w (A) G. E. Gibson and \V. F. Giauque, J. Am. Chem. Soc., 45, 93 (1923); W. F. 
Giauque and R. Wiebc, ibid., 50, 101 (1928); W. F. Giauque and H. L. Johnston, ibid., 
51, 2300 (1929); W. F. Giauque and C. J. Egan, J. Chem. Phys., 5, 45 (1937). (B) 
F. Lange, Z. physik. Chem., 110, 343 (1924). (C) G. S. Parks, J. Am. Chem. Soc., 47, 
338 (1925). (D) R. W. Millar, ibid., 50, 1875 (1928); C. T. Anderson, ibid., 52, 2296 
(1930); K. K. Kelley, ibid., 63, 1137 (1941). (E) W. M. Latimer and B. S. Grcens- 
felder, ibid., 50, 2202 (1928); K. S. Pitzer and L. V. Coulter, ibid., 60, 1310 (1938). 
(F) D. H. Andrews, J. Franklin Inst., 206, 285 (1928). (G) J. C. Southard and F. G. 
Brickwedde, J. Am. Chem. Soc., 55, 4378 (1933); R. B. Scott and F. G. Bnckwedde, 
J. Research Natl. Bur. Standards, 35, 501 (1945). (H) J. G. Aston and G. H. Messcrly, 

J. Am. Chem. Soc., 58, 2354 (1936); J. G. Aston and M. L. Eidinoff, ibid., 61, 1533 
(1939). (I) E. G. Haas and G. Stegeman, ibid., 58, 879 (1936). (J) J. E. Ahlberg, E. It. 
Blanchard, and W. O. Lundberg, J. Chem. Phys., 5, 539 (1937) (down to 2° K.). lK) 
R. W. Blue and J. F. G. Hicks, J. Am. Chem. Soc., 59, 1962 (1937). (L) D. M. Yost, 
C. S. Garner, D. W. Osborne, T. R. Rubin, and H. Russell, ibid., 63, 3488 (1941). (M) 

K. Clusius and L. Popp, Z. physik. Chem., B46, 63 (1940) (requires only 3 ml. of ma¬ 
terial). (N) R. A. Ruehrwein and H. M. Huffman, J. Am. Chem. Soc., 65,1620 (1943); 
H. M. Huffman, Chem. Revs., 40, 1 (1947). (O) J. G. Aston andC. W. Ziemcr, J. Am. 
Chem. Soc., 68, 1405 (1946). 




-temperature adiabatic calorimeter of Yost. Garner, Osborne. Rubin, and Russell. 70L 
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t,e time necessary to attain the™*. 

temperature difference £— - shield heaters S. The 

thermocouples, 7, and is held cio heneath liquid hydrogen con- 

shield is supported within an outer eopper sh^d S ^th 

Sr£‘s^fi«^=2 : 3r=H 

In the case of measurements on a substance which .s hqu.d or sobdat ordinary 
temperatures, the substance is sealed in the calorimeter, usually with helium gas 
improve thermal equilibration, and there is no need for a filling tube. 

One of the most important and difficult phases of low-temperature calo¬ 
rimetry is the establishment of a temperature scale. In the range below 
90° K., the lower limit of the present International Temperature bcale 
(page 2), temperature measurements are made in terms of the helium- 
gas thermometer. Discussions of the problem of low-temperature ther¬ 
mometry will be found in the papers already cited 70 as well as in other pub¬ 
lications. 71 . . 

In recent years the measurement of heat capacities for checking purities 
of compounds (page 757) has received increased attention. Aston and 
Fink 72 have described a somewhat simplified Nernst calorimeter designed 
especially for this purpose, with which measurements can be made on com¬ 
pounds down to liquid nitrogen temperatures. 

Entropies which are sufficiently accurate for many purposes, including 
the evaluation of the free energies of many organic compounds at room 
temperature, may be computed from heat-capacity measurements extend¬ 
ing down only to liquid-air temperatures (90° K.). Apparatus for such 
measurements which is somewhat simpler than that described above, has 
been employed by Parks, 7CC Haas and Stegeman, 70 ' and others. 

Andrews and coworkers 73 have made considerable use of the “calibrated 


’I J. C. Southard and It. T. Milner, J. Am. Chcm. Soc., 56, 4384 0933). H. J. Hoge 
and F. G. Briekwedde, J. Research Nall. Bur. Standards, 22, 351 (1939). E. F. Burton, ^ 
H. Grayson Smith, and J. O. Wilhelm, Phenomena at the Temperature of Liquid He¬ 
lium, Reinhold, New York, 1940, Chapter 3. Articles by H. T. Wenscl, F. G. Keyes, 

J. R. Roebuck and T. A. Murrell, H. J. Hoge, R. B. Scott, and J. G. Aston, in Tempera¬ 
ture, Its Measurement and Control in Science and Industry, Reinhold, New York, 1941. 

J. G. Aston and H. L. Fink, Anal. Chem., 19, 218 (1947). 

73 D. H. Andrews, J. Am. Chem. Soc., 48, 1287 (1926). E. Haworth and D. H. 
Andrews, ibid., 30, 2998 (1928). R. H. Smith and D. H. Andrews, ibid., 53, 3644 (1931). 
D. R. Stull, ibid., 59, 2726 (1937). W. T. Ziegler and C. E. Messer, ibid., 63, 2694 
(1941). 



764 


J. M. STURTEVANT 


heat conductivity calorimeter" for determining heat capacities. The ap¬ 
paratus described by Stull is particularly interesting because moderately 
accurate results (1-2%) are obtained with small amounts (5 ml.) of ma¬ 
terial. The calorimeter is heated by conduction and radiation from a sur¬ 
rounding jacket by means of a constant thermal head. The rate of tem¬ 
perature rise of the calorimeter under these conditions is compared with the 
rate of rise obtained under the same conditions when the calorimeter con¬ 
tains a standard substance of known heat capacity. 

The method of mixtures has been employed at low temperatures for 
solids, liquids, and gases. The sample may be cooled to a definite tempera¬ 
ture and then introduced into a calorimeter at ordinary temperature, or 
the calorimeter itself may be at a low temperature, 71 as in the case of the 
hydrogen vaporization calorimeter. Further discussion of the method of 
mixtures will be found on page 780. 

B. DETERMINATION OF HEAT CAPACITIES AT MODERATE TEMPERATURES 

Determination of the heat capacities of gases, liquids, and solids will be 
considered separately, and attention will be confined to several representa¬ 
tive reliable methods. Complete discussions are given in the monographs 
by Eucken 68 and Partington and Shilling . 74 The classification of experi¬ 
mental methods according to temperature is quite arbitrary, and most 
of the methods considered in these paragraphs can be extended to low or 
high temperatures by suitable modifications in design and procedure. 

Gases and Vapors.— Heat Capacity at Constant Pressure. —The con¬ 
tinuous-flow method used by Callendar and Barnes 76 for liquids has been 
extensively employed in the determination of the heat capacities, at con¬ 
stant pressure, of gases and vapors. Its adaptation to this purpose was 
first undertaken by Scheel and Heuse . 77 The method is very simple in 
principle, though accurate results can be obtained only if great care 
with regard to experimental details is taken. Gas or vapor is passed at a 
known constant rate over an electrical heater, and the temperature of the 
gas stream is measured just before and just after passing over the heater, 
after a steady state has been reached. If the rate of flow of the gas is F 
moles per second, the power input to the heater is W watts, and the (cor¬ 
rected) temperature rise is AT, the mean heat capacity of the substance is*: 

C P = 17/(4.1840 AT F) (38) 

71 F. Simon and M. Ruhemann, Z. physik. Chem., 129, 321 (1927). 

75 J. R. Partington and W. G. Shilling, The Specific Heats of Gases. Van Nostrand, 
New York, 1924. 

76 H. L. Callendar, Trans. Roy. Soc. London, A199, 55 (1902). 

77 K. Scheel and W. Heuse, Ann. Physik, 37,79 (1912); 40,473 (1913); 59,86 (1919). 
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^ --“■» h “ i “ p “ ity °' 
the calorimeter is unduly large, ex¬ 
cessive lengths of time are required for 
the establishment of the steady state. 

It is impossible, in this method, to 
work under strictly adiabatic condi¬ 
tions because the calorimeter itself is 
not at a uniform temperature. Con¬ 
sideration must be given to minimizing 
both the heat exchange of the calo¬ 
rimeter with its surroundings and the 
heat exchange between the various 
parts of the calorimeter resulting from 
causes other than the flow of the gas. 

It is not feasible to eliminate com¬ 
pletely these sources of error. The rel¬ 
ative effect of heat leakage from the 
calorimeter and of heat exchange be¬ 
tween the heater and the thermometers 
resulting from conduction by the ma¬ 
terial of the calorimeter and from radia¬ 
tion should decrease with increasing 
rate of flow. The procedure is there¬ 
fore usually followed of measuring the 
apparent heat capacity with different 
rates of flow and extrapolating to in¬ 
finite rate of flow. The apparent heat 
capacity in most cases varies linearly 
with 1/F n , where the power, n, depends 
on the type of apparatus, 78 so that the extrapolation is easily carried out. 
In general, the sources of internal heat exchange are minimized by provid¬ 
ing poorly conducting material for the gas path between the first thermom¬ 
eter and the heater, and by interposing suitable radiation shields between 
the thermometers and the heater. The heater should have sufficient sur¬ 
face in good thermal contact witli the gas so that its temperature does not 
exceed that of the gas by more than a few degrees. If the elimination of 



Fig. 6.—Flow calorimeter of Os¬ 
borne, et al. See page 706-3 J 


78 J. B. Montgomery and T. De Vries, J. Am. Chem. Soc., 64, 2372 (1942). 



766 


J. M. STURTEVANT 


errors due to heat exchange has been satisfactorily accomplished, experi¬ 
ments in which the rate is varied and AT is held constant should give values 
for the apparent heat capacity falling on the same straight line when plot¬ 
ted against l/F" as that given by holding W constant and allowing AT to 
vary. 

Satisfactory values for AT can be obtained only if the rate of flow is con¬ 
stant. This is readily accomplished in the case of substances which are 
easily condensed, for then the liquid can be boiled under constant pres¬ 
sure by a constant input of electrical energy, the boiler being under adiabatic 
conditions. Arrangements for this purpose have been described by Ben- 
newitz and Rossner, 79 Pitzer, 80 Montgomery and De Vries, 78 and others. 
The accurate control of the flow of gases is a more difficult problem, as 
evidenced by the complicated apparatus used for this purpose by Osborne, 
Stimson, and Sligh .*> Scheel and Heuse 77 designed an ingenious mercury 
recirculating pump for use with rare gases. 

If the design of the calorimeter is such that there is an appreciable 
resistance to the flow of the gas between the two thermometers, there will 
be a pressure drop in this region which will become larger at higher rates 
of flow. The corresponding drop in temperature is to be applied as a 
correction to AT. If the expansion is considered as taking place adia- 
batically, the temperature drop is given by: 

(A7% = (dT/dP) H AP = pAP (39) 

where p, the Joule-Thompson coefficient of the gas is taken as constant in 
the small temperature and pressure intervals involved. The assumption is 
usually made that the magnitude of this correction is negligible, though 
Osborne, Stimson, and Sligh 81 included provision in their apparatus for the 
direct measurement of the pressure drop, in order to be able to apply the 
correction precisely. 

The calorimeter used by Osborne, Stimson, and Sligh is shown in cross section 
in figure 6 (p. 765). Heavy lines represent copper and thin lines German silver. For 
a complete discussion and description of the design, reference may be made to the 
original article. 81 The outstanding feature of this instrument is the reduction of 
heat leakage to 0.1 to 0.2% of the total temperature change, which is accomplished 
by the complex system of two essentially independent thermal shields, one for the 
lower temperature region of the first thermometer, T u and the other for the region of 
the heater, //, and the second thermometer, T t , where the temperature is higher. 
Measurements made with this calorimeter on ammonia from -30° to 150° C., and 

73 K. Bennewitz and W. Rossner, Z. physik. Chem., B39, 126 (1938). 

80 K. S. Pitzer, J. Am. Chem. Soc., 63, 2413 (1941). 

sl N. S. Osborne, H. F. Stimson, and T. S. Sligh, Nall. Bur. Standards Sci. Papers, 
20, 119 (1924-1926). 
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In recent publications”“ considerably simpler apparatus has been 
scribed with which results of lower accuracy are obtained. The ap^atus^sed y 
Pitzer* 0 is represented in figure 7. Vapor >8 generated at a constantt rat*s m an 
“adiabatic” boiler and is then brought to the temperature of the l ‘‘ e ™ osta ^ 
controlled bath at the right of the diagram A ter 

sistance thermometer, T„ the vapor is heated by the plat.num heater, H, and 



Fig. 7.—Flow calorimeter of Pitzer. 


passed over thermometers Ti and TV The tubes containing the thermometers 
and heater are wrapped in aluminum foil to reduce radiation, and are enclosed in an 
evacuated bulb. Pitzer found that the same heat capacity was obtained on extrapo¬ 
lation to infinite rate of flow regardless of whether the temperature increase 
caused by the heater was measured by T t or by TV After a steady state is reached, 
the rate of flow is determined by weighing a sample collected at the three-way stop¬ 
cock during a measured time interval. It is to be noted that measurement of the 
heat input into the boiler, together with the weight of sample collected in a meas¬ 
ured interval, gives the information necessary to evaluate the heat of vaporization 
of the liquid, provided the appropriate heat loss corrections can be estimated. 
During the establishment of the steady state, the vapor is condensed and returned 

82 R. B. Scott and J. W. Mellors, J. Research Natl. Bur. Standards, 34, 243 (1945). 

83 P. F. Wacker, R. K. Cheney, and R. B. Scott, J. Research Natl. Bur. Standards, 38, 
651 (1947). 

8 ‘ T. De Vries and B. T. Collins, /. Am. Chem. Soc., 63, 1343 (1941). 
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to the vaporizer. Pitzcr’s apparatus lias been further improved by Waddington, 
Todd, and Huffman.* 4 



Fig. 8.—Flow calorimeter 
of Bennewitz and Schulze. 


A modification of the Scheel and Heuse method has been developed recently by 
Bennewitz and Schulze, 84 and has been employed by Dailey and Felsing. 87 The 

86 G. Waddington, S. S. Todd, and H. M. Huffman, J. Am. Chem. Soc., 69, 22 (1947). 
88 K. Bennewitz and O. Schulze, Z. physik. Chem., A186, 299 (1940). 

87 B. P. Dailey and W. A. Felsing, J. Am. Chem. Soc., 65, 42, 44 (1943). 
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apparatus is shown diagrammatical* in figure 8. Two metal biocks, Aj*d B 
are held at temperatures T A < T„, differing by a few degrees B .s heated by 

Heating element wound on * — 

meters in diameter in region C between the b ocks- If no gas 18 8oW1Dg 
the tube, the temperature changes linearly with disUnc* at 
gas flows in the direction indicated, the temperature at C .s lowered. The hnea 
gradient is re-established by introducing heat into the gas by bm» ri^hwter H 
made of a loop of very fine wire held in place by the leads, L at^oneendand^bya 
quartz fiber, <3, and spring at the other end. The re-esUbiu.hment of he hn^r 
temperature drop is indicated with considerable precision by the multijunct on 
SS T, between the calorimeter tube and “blind tube" D, which ^construeted 
of the same material. The calorimeter tube is silvered to prevent radiation fro 
the heater to the thermel. If the rate of flow through the calorimeter tub *' s F 
moles per second, then the heat capacity is given by equation (39), where A = 
T„ - T a . The chief advantage of this method is that the heat exchange ot the 
calorimeter with its surroundings is essentially unaffected by the flow of the gas. 
The method has been applied up to temperatures as high as 400 C. 


The determination of C p of a gas can be accomplished by a modification of 
the method of mixtures. The gas, flowing at a constant rate, is warmed or 
cooled by passage through a heat exchanger held at constant temperature 
and is then led through a calorimeter. The calorimeter temperature is 
usually considerably different from that to which the gas is initially brought, 
so that a mean heat capacity is obtained. This method has been applied 
by several investigators. 8 * Particular reference should be made to the 
work of Holborn and Henning, 89 who have determined the mean heat ca¬ 
pacities of gases up to 1400° C., and of McCollum. 90 The latter inves¬ 
tigator cooled the gas to a temperature slightly below that of the calorim¬ 
eter, and held the calorimeter at a constant temperature by means of elec¬ 
trical heating. 

The most troublesome source of error in the method of mixtures as ap¬ 
plied to gases is the conduction of heat from (or to) the calorimeter along 
the tube connecting the precooler (or preheater) with the calorimeter. 
The assumption frequently made, that this heat exchange can be evalu¬ 
ated from observations made when the gas is not flowing through the calo¬ 
rimeter, is incorrect. 88 

A method for the determination of C p of gases which has received con- 


88 See A. Eucken, op. cU. f footnote 68, p. 391 et seq. 

89 L. Holborn and F. Henning, Ann. Physik, 18, 739 (1905); 23, 809 (1907). 

90 E. D. McCollum, J. Am. Chem. Soc., 49, 28 (1927). 
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siderable attention in recent years 9 * is that first applied by Lummer and 
Pringshcim. 92 The temperature change resulting from an isentropic 
(reversible adiabatic) expansion of a gas is related to the heat, capacity by 
the expression: 

C 9 = T(dV/dT) p /(dT/dP), (40) 

In observing the temperature-pressure coefficient, a sample of the gas con¬ 
tained in a large flask (capacity of 10 to 60 liters) is allowed to expand 
suddenly to a pressure slightly below the orginal pressure; the temperature 
change, measured at the center of the flask by a thermometer having the 
lowest possible heat capacity and time lag, must be observed within a very 
short interval of time after the expansion, before appreciable heat los9 to 
the walls can take place. The expansion must be carried out in such a way 
that convection currents are not set up in the gas. The temperature¬ 
measuring device usually consists of an extremely thin platinum wire em¬ 
ployed as a resistance thermometer in one arm of a Wheatstone bridge, the 
bridge off-balance being indicated by a galvanometer of very short period. 
The mean value of C p obtained in this way is practically equal to the true 
heat capacity at the mean temperature and pressure of the experiment. 

Heat Capacity at Constant Volume. —The heat capacity of a gas at 
constant volume can be evaluated from its thermal conductivity at very 
low pressures. The thermal conductivity of a gas is approximately inde¬ 
pendent of its pressure until the pressure is reduced to the region at which 
the mean free path of the gas molecules is of the same order of magnitude 
as the distance between the surfaces involved in the heat exchange. In 
this region, thermal conductivity becomes proportional to the pressure. 
If the pressure is reduced to such a low value that the possibility of molecu¬ 
lar collisions in the space between the surfaces is essentially excluded 
(i. e., the mean free path is large compared with the separation of the sur¬ 
faces), the theoretical relation 93 between heat capacity and thermal con¬ 
ductivity becomes relatively simple. The experimental procedure, 94 - 96 
consists essentially of measuring, by means of its resistance, the tempera¬ 
ture of an electrically heated platinum wire which is supported in a cylin- 

91 J. R. Partington, Proc. Roy. Soc. London, A100, 27 (1922). A. Eucken and K. 
v. Llide, Z. physik. Chem., B5, 413 (1929). A. Eucken and A. Parts, ibid., B20, 184 
(1933). B. H. Sage, D. C. Webster, and W. N. Lacey, Ind. Eng. Chem., Ind. Ed., 29, 
1309 (1937). G. B. Kistiakowsky and W. W. Rice, J. Chem. Phys., 7, 281 (1939). 

•* O. Lummer and E. Pringsheim, Ann. Physik, 64, 555 (1898). 

93 M. Knudsen, Ann. Physik, 34, 593 (1911). 

91 A. Eucken and K. Weigert, Z. physik. Chem., B23, 265 (1933). 

96 G. B. Kistiakowsky and F. Nazmi, J. Chem. Phys., 6, 18 (1938). G. B. Kistiakow¬ 
sky, J. R. Lacher, and F. Stitt, ibid., 7, 289 (1939). 

98 W. J. Taylor and II. L. Johnston, J. Chem. Phys., 14, 219 (1946). 
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either, so that the conduction of heat is not as large as coefficient 07 

ideal case An empirical evaluation of the accommodation coefficient 
which allows for this deviation from ideality, depends on measnrernents 
made under conditions such that the results can be compared w.t h £ 
ucs determined by other methods. This method is of '-Portance m that 
it is the only procedure by which one can obtain heat-capac.ty data di 
rectly at very low pressures where the gas behaves very nearly in accord 


ance with the perfect gas law. , 

The heat capacity at constant volume and the ratio, ^ 

of many gases have been evaluated from measurements of the veloc.ty of 
sound. 58 Cornish and Eastman 55 have discussed this method and 
described an apparatus which they employed with hydrogen from 80 to 


370° K. , .. 

Reduction of the Heat Capacity to the Ideal Gas State.— In comparing the 
observed heat capacities of gases with predictions based on theoretical 
treatments, 100 one is usually interested in the heat capacity of the gas cor¬ 
rected to the ideal gas state at a fugacity of one atmosphere. Since the 
heat capacity of an ideal gas is independent of pressure, the desired stand¬ 
ard heat capacity, C° or C°, is the heat capacity of the real gas at zero 
pressure (infinite dilution). We shall indicate briefly two methods em¬ 
ployed in the reduction of C, to C° p . It should be noted that: 101 

a - a - r ( 41 > 

If the value of (dC p /dP) T as a function of pressure is known, C° p can be 
calculated by means of the relation: 

c% = C, -fo F (dC p /i>P) T dP (42) 


w See E. R. Grilly, W. J. Taylor, and H. L. Johnston, J. Chcm. Phys., 14, 435 (1946). 
« J. R. Partington and W. G. Shilling, The Specific Heals of Gases. Van Nostrand, 
New York, 1924. 

99 R. E. Cornish and E. D. Eastman, J. Am. Chem. Soc., 50, 627 (1928). 

100 See, e. g., K. Bennewitz and W. Rossncr, footnote 79; K. S. Pitzer, footnote 80; 
P. Fugassi and C. E. Rudy, Ind. Eng. Chem., 30, 1029 (1938); C. J. Dobratz, ibid., 33, 
759 (1941); G. B. Kistiakowsky and W. W. Rice, J. Chem. Phys.. 7, 281 (1939); G. B. 
Kistiakowsky and F. Nazmi, ibid., 6, 18 (1938); G. B. Kistiakowsky, J. R. Lacher, and 
F. Stitt, ibid., 7, 289 (1939); B. P. Dailey and W. A. Fclsing, footnote 87. 

101 G. N. Lewis and M. Randall, Thermodynamics and The Fret Energy of Chemical 
Substances. McGraw-Hill, New York, 1923, p. 65. 
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(dC p /dP) T can be evaluated from data on the Joulc-Thompson coefficient 
of a gas: 101 

(dC p /dP) r = -p(dC p /dT) p - C p (b/x/dT) p (43) 

Sage, Webster, and Lacey 91 have employed this relation, the integral: 

So P WdCp/dT), + C,(bn/dT),]dp (44) 

being estimated by graphical integration. 

The value of C° p — C p can be evaluated from various empirical equa¬ 
tions of state. Frequent application has been made of the Berthelot 
equation for this purpose. It can be shown that this equation leads to the 
results: 


and 



81 RPTl 
32P e 7’ 3 


(45) 


C? - C. = - 


271iPTi 
32 P e T> 


(40) 


where P e and T e are the critical pressure and temperature of the gas, re¬ 
spectively. One should, of course, be certain that the equation of state 
employed applies with sufficient accuracy, since serious errors may be in¬ 
troduced if this is not the case. 102 

Liquids. —The application of heat-capacity data of pure liquids to the 
evaluation of entropies is discussed above (page 755). The heat capacities 
of liquid mixtures and of solutions, both of nonelectrolytes and electro¬ 
lytes, are of great significance in connection with the physics and ther¬ 
modynamics of such systems. For example, the heat capacities of very 
dilute aqueous solutions of electrolytes have been frequently studied in 
connection with the Debye-Hiickel theory of such solutions. 

Direct Method .—The Nernst type of calorimeter is frequently employed 
up to temperatures in the neighborhood of room temperature for the de¬ 
termination of the heat capacities of liquids. 103, 104 Somewhat less accurate 
results can be obtained with considerably simpler apparatus; with more 
elaborate calorimeters specifically designed for use with liquids at ordinary 
temperatures, values of C p accurate to 0.01% or better have been obtained. 


102 N. S. Osborne, H. F. Stimson, T. S. Sligh, and C. S. Cragoe, Refrig. Eng., 10, 145 
(1923). 

,oa See particularly M. Lc Blanc and E. Mobius, Ber. Verhandl. sacks. Akad. Wiss. 
Leipzig, Math.-phys. Klasse, 85, 75 (1933). These authors describe a vacuum calo¬ 
rimeter of the Nernst type with which results accurate to =*=0.1% are obtained with a 
temperature rise of only 0.1°. 

104 For measurements at- temperatures where the substance under investigation has a 
high vapor pressure, V. C. Williams and M. Sivctz, Rev. Sci. Instruments, 17, 71 (1946), 
recommend the use of a sealed metallic bellows as the calorimeter proper. 
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terns accurate to about /0 y silver ed Dewar flask serves as 

is'stirred at a constant 



Fj gj 9 —Simple calorimeter for (ietermining heat capacities of liquids. 


rate by a propeller stirrer. Heat leakage along the stirrer shaft is reduced 
by a section of poorly conducting material such as Bakelite or Lucite. 
The temperature of the liquid in the calorimeter is measured by a Beck¬ 
mann thermometer, or, better, by a resistance thermometer or a thermel. 

Heat capacities can be determined on relatively small samples of liquids 
in an unstirred adiabatic calorimeter 106 provided a metal calorimeter hav¬ 
ing a large ratio of length to diameter is used, with its heater wound on its 
outside surface. 

106 See, for example, F. R. Bichowsky, J. Am. Chem. Soc., 45, 2225 (1923); B. C. 
Hendricks, J. H. Dorsey, R. LeRoy, and A. G. Moseley, J. Phys. Chem., 34, 418 (1930); 
F. S. Stow and J. H. Elliott, Anal. Chem., 20, 250 (1948). 

«« J. M. Sturtevant, J. Am. Chem. Soc., 59, 1528 (1937): Physics, 7, 232 (1936). 
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The development of the single adiabatic calorimeter for determining the heat 
capacities, as well as other thermal properties, of liquids has been carried to a very 
advanced state by Osborne, Stimson, and Ginnings 107 in their work on water be- 



Fig. 10.—Highly developed adiabatic calorimeter 
(Osborne, Stimson, and Ginnings). 


tween 0° and 100°. Their results will undoubtedly remain unchallenged in ac¬ 
curacy for some time to come. Figure 10 is a scale drawing of their apparatus. 

107 N. S. Osborne, II. F. Stimson, and D. C. Ginnings, J. Research Natl. Bur. Stand¬ 
ards, 23, 197 (1939). For earlier work see N. S. Osborne, H. F. Stimson, and E. F. Fiock, 
ibid., 5, 411 (1930), and N. S. Osborne, H. F. Stimson, and D. C. Ginnings, ibid., 18, 389 
(1937). 
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Spherical ca.orin.eter 0 

the calorimeter is closed off ^ Pleven surroun ded by a saturated steam bath 

within evacuated envelop E, the latter 8 steam bath is 

maintained at the *«P^ t ^St^toXwhl C h can be controlled, 
contained in a metal guard (not shown) P several thermoelements at- 

The temperature of the calorimeter » of metal ref- 

tached to its surface, the reference junctions bemg a th^ P , atinum re . 

heater is immediately below the stirrers. , , 

Determinations of heat capacities are usually relative measurements ui thatthe 

heat capacity of the calorimeter is determined with the ealorimeter conta rimg 
water or some other reference substance. The measurements of Osborne et al are 
absolute measurements because the heat capacity of the colonmeter was calcu¬ 
lated from a comparison of the data obtained with small amounts of water in the 
calorimeter with those obtained with large amounts. 

The specific heat of air-free liquid water in the range 0° to 100 C. at a pressure 
of one atmosphere was found by Osborne et al. to be expressed by the empirical 

equation: 

Cp = 4.1690 + 3.64 X 10-“ (f + 100)“* + 0.0467 X 10-« «”' (47) 

where c„ is expressed in international joules per degree C. per gram, and t is ex- 
• pressed in degrees C. It should be noted that the presence of dissolved air causes 
differences in the heat capacity of water which become appreciable in accurate 


work. 

Osborne and Ginning*have constructed a smaller adiabatic calorimeter in 
which heat distribution is accomplished by means of copper vanes instead of by 
stirring. With this apparatus, which was designed primarily for the determina¬ 
tion of heats of vaporization, heat capacities of liquid samples are obtained with 
an accuracy of about 0.1%. 

The twin adiabatic procedure (page 749) is ideally suited to the precise 
determination 1090 of the heat capacities of solutions, particularly those of 
dilute solutions, relative to the heat capacity of the pure solvent. In such 
measurements, pure solvent is contained in the tare calorimeter and solu¬ 
tion in the working calorimeter. The calorimeters are heated with their 
heaters in series, and the heat capacity of the solution is evaluated from the 


108 N. S. Oshorne and D. C. Ginnings, J. Research Natl. Bur. Standards, 39, 453 (1947). 

109 (A) T. W. Richards and F. T. Gucker, J. Am. Chem. Soc., 47, 1876 (1925); F. T. 
Gucker ibid., 50, 1005 (1928). (B) M. Randall and W. D. Ramage, ibid., 49, 93 (1927); 
M. Randall and F. D. Rossini, ibid., 51, 323 (1929); M. Randall and M. D. Taylor, J. 
Phys. Chem., 45, 959 (1941). (C) F. T. Gucker and K. H. Schminke, J. Am. Chem. Soc., 
54, 1358 (1932); 55, 1013 (1933). (D) F. T. Gucker, F. D. Ayres, and T. R. Rubin, 
ibid., 58, 2118 (1936).* (E) C. B. Hess and B. E. Gramkee, J. Phys. Chem., 44, 483 
(1940); C. B. Hess, ibid., 45, 755 (1941). 
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known resistance ratio of the heaters and the small difference in the tem¬ 
peratures of the calorimeters at the end of the heating period. 

Gucker, Ayres, and Rubin 10 ' 0 have refined this method by using variable heaters, 
so that the ratio of resistances of the heaters required to increase the temperatures 
of the two calorimeters by exactly the same amount can be determined with high 
precision. Figure 11 shows the calorimetric assembly employed. The calorimeters, 
C, spun from a gold-platinum alloy, are supported within submarine J by dental 



Fig. 11.—Adiabatic twin calorimeter (Gucker. Ayres, and Rubin). 

floss (not shown), the submarine being contained in an adiabatic water jacket. The 
calorimeter leads carry wells for the main thermel, M (20 junctions, copper-con- 
stantan), the adiabatic control thermels, A (5 junctions), and the heaters (not 
shown). Each calorimeter is equipped with a propeller stirrer the shafts of which 
are led out of the calorimeters in such a way that evaporation is negligible. The 
chief innovation in this apparatus is the design of the calorimeter heaters. These 
are constructed in the sections indicated in figure 12, so that it is possible to obtain 
ratios between the resistances of the heaters varying from 0.9800 to 1.3700 in steps 
of 0.0003 to 0.0004. The resistance ratios are determined by the Wheatstone bridge 
shown in figure 12. Since it is not feasible to employ potential leads for each indi¬ 
vidual heater unit, particular precautions are necessary to insure the constancy of 
lead resistances and to make appropriate corrections for that fraction of the energy 
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dissipated in the leads which oftheTefl^tioM^f the main 

are made, for each pair of liquids in lorimetcr3 are heated through a tem- 

thermel galvanometer resulting wt *n h cal^ difTerent values 0 f the ratio of the 
perature interval of one degree tor t linearly with the resist- 

heater resistances It is found ^ratuJd,(Terence would 

ance ratios, so that the value of t If xo is the value of the resistance 

result can be readily obtained grams of pure solvent, 

ratio at the balance point with the calorimeters con^ gram3 of 
and x is the corresponding ratio when the working 



pig 12 .—Diagram of heaters and resistance bridges em¬ 
ployed with the calorimeter illustrated in Figure 11. 


solution while the tare contains u-o grams of solvent, then the specific heat of the 
solution, c„ is obtained from the expression: 

C, V), = [CqWqXq + Ci(Xo — x)]/x 

where r 0 is the specific heat of the solvent and c, is the heat capacity of On^ working 
calorimeter, c, need not be known with great accuracy; it is evaluated from a pair 
of experiments in which some of the pure solvent m the working; calorimeter is d.s 
placed by a copper vessel which in one case is filled with air and m the other with 
solvent. No account need be taken of heat losses to the jacket if the two calorim¬ 
eters are reasonably similar in construction. In the case of aqueous solutions, 
measurements made at f C. are obtained in terms of cal,. Gucker and coworkers 
have obtained with this apparatus results accurate to =*=0.01%. 
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Heat capacities of liquids at temperatures considerably above their boil- 
ing points can be determined in calorimeters of sufficiently massive con¬ 
struction to withstand the pressures encountered. Osborne" 0 obtained 
precise results for liquid ammonia at temperatures up to 50° O. in an un¬ 
stirred adiabatic calorimeter equipped with internal heat distributing 
vanes. Several calorimeters have been described which permit stirring of 
their contents at relatively high pressures. 111 

Method of Mixture*.— The method of mixtures has been employed only 
rarely in determining heat capacities of liquids at ordinary temperatures. 
An example is furnished by the work of Nelson and Newton" 2 on glucose 
glass. A sample of material was brought to a temperature in the neigh¬ 
borhood of 25° and was then quickly transferred to a calorimeter at about 
60°. The calorimeter consisted of a pair of Dewar flasks in a container 
jacketed with chloroform vapor. Mercury was used as the calorimetric 
liquid. 

II Piezothermometric" Method. —This method is of interest because meas¬ 
urements can be made on small samples (5 ml.) of material over practically 
the entire liquid temperature range. It is based on the same thermody¬ 
namic relation as the Lummcr-Pringsheim method for determining the 
heat capacities of gases (page 770): 

C p = T(bV/bT),/(bT/dP), (49) 

The method has been investigated very carefully by Burlew," 3 who ob¬ 
tained results, to which he assigned a probable error of a few tenths of a 
per cent, for benzene and toluene over a wide temperature range. In Bur- 
lew’s apparatus (Fig. 13), a glass cell (2-cm. diameter) with a gooseneck 
opening contains the sample of liquid. The cell is sealed by mercury 
placed in the gooseneck. The temperature of the liquid is measured by 
a single-junction copper-constantan thermocouple constructed of fine 
wires. The cell is contained in a thermostated steel bomb filled with oil. 
Pressure is supplied by tank nitrogen through a pressure distributor 
equipped with a rapid-action valve for suddenly releasing the pressure on 
the bomb. Pressures are measured by a free piston gauge. The liquid 
is subjected to a pressure of 10-20 atmospheres, and after establishment of 
thermal equilibrium, the pressure is released. Burlew found that, with 

1,0 N. S. Osborne, Natl. Bur. Standards (U. S.), Bull. 14, 133 (1918). N. S. Osborne 
and M. S. van Dusen, ibid., 14, 397 (1918). 

1.1 N. S. Osborne, H. F. Stimson, and E. F. Fiock, J. Research Nad. Bur. Standards, 
5, 411 (1930). N. S. Osborne, H. F. Stimson, and D. C. Ginnings, ibid., 18, 389 (1937). 
B. H. Carroll and J. H. Mathews, J. Am. Chem. Soc., 46, 30 (1924). J. H. Awbery and 
E. Griffiths, Proc. Phys. Soc. London, 52,770 (1940). 

1.2 E. W. Nelson and R. F. Newton, J. Am. Chem. Soc., 63, 2178 (1941). 

III J. S. Burlew, /. Am. Chem. Soc., 62, 681, 690, 696 (1940). 
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, f in_on atmospheres, benzene and toluene showed 

pressure decreases of H> :20 t P ents were ma de over a senes 

.e sma.. pressure variation of (.T/.P). so that 

theseTata, particularly some oMhe older data. 
This illustrates the great need for the redeterminat.on of many of the 
mal quantities already reported in the literature. 



Fig. 13 —Piezothermometric cell for 
determining (dT/dP). (Burlew). 


Solids .—Direct Method—As in the case of liquids, the Nernst type of 
calorimeter can be applied to the determination of the heat capacities of 
solids at ordinary temperatures. In the case of a compact solid having a 
high thermal conductivity, such as a metal, it is possible to dispense with 
the calorimeter shell and temperature-equalizing vanes usually employed. 
Accurate measurements of the specific heat of copper have been made by 
Harper 114 in which 50 meters of rather heavy copper wire coiled in a helix 
served as calorimeter, heater, and resistance thermometer. 


U4 d, R. Harper, Natl. Bur. Standard* (U. S .), BuU. 11, 259 (1914). 
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Method of Mixtures .—The work of Andrews, Lynn, and Johnston" 5 on 
various organic substances may be cited as an example of the application 
of this method at moderate temperatures. The sample, contained in a 
glass container, was heated to the desired temperature, and then rapidly 
dropped into a calorimeter at about 25°. The calorimeter consisted of a 
Dewar flask filled with kerosene which was stirred by a reciprocating stirrer. 
The temperature of the calorimeter was measured relative to that of a 
similar Dewar flask by means of a thermel. It was found that, if a pair of 
Dewar flasks having very similar thermal leakage rates was selected, results 
of moderate accuracy could be obtained without jacketing the flasks. 
The heat capacities were obtained relative to that of a silver rod used as 
reference material. 

C. DETERMINATION OF HEAT CAPACITIES AT ELEVATED TEMPERATURES 

The thermodynamic properties of some organic compounds at elevated 
temperatures are of considerable interest; thus, a knowledge of the free 
energies of paraffin hydrocarbons up to high temperatures will permit pre¬ 
dictions regarding the composition of equilibrium mixtures resulting from 
isomerization reactions involving these compounds. Such reactions are of 
great technical importance. However, it is usually not possible to deter¬ 
mine by direct observations the data from which such high-temperature 
thermodynamic properties can be evaluated, largely because of the fact 
that nearly all organic substances undergo decomposition (or at least isom¬ 
erization) when heated to elevated temperatures. Considerable progress 
has been made in calculating the thermodynamic properties of relatively 
simple molecules, such as the paraffin hydrocarbons, at high temperatures 
from molecular and spectroscopic data combined with values for the ther¬ 
modynamic functions at lower temperatures (see page 759 for references 
to the literature on this subject). 

Because of the fact that direct high-temperature heat-capacity measure¬ 
ments can very seldom be made on organic compounds, we shall not give 
much attention to such measurements except for a consideration of the 
method of mixtures as applied to solids and liquids. Several of the pro¬ 
cedures for determining heat capacities which have been previously men¬ 
tioned can be employed at elevated temperatures. Thus, Holbom and 
Henning 89 employed the method of mixtures for gases up to temperatures 
as high as 1400° C., and Dailey and Felsing 87 used the procedure of Ben- 
newitz and Schulze 86 for some paraffin hydrocarbons up to 400° C. 

The Method of Mixtures for Solids and Liquids.—If T\ is the tempera¬ 
ture to which the sample is initially heated, and Tq and T' 0 are the initial 

116 D. H. Andrews, G. Lynn, and J. Johnston, J. Am. Chem. Soc., 48, 1274 (1926). 
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temperature interval Tj to T„ is given by: 


C,= E 


t: - t, 


- c. 


(50) 


“ r= 

and final temperatures: 

Hr, _ Hr' 0 = C.(T, - To) (M/m,) (51) 

where m, is the weight of the sample and M is the molecular weight of the 
substance. The heat function may then be differentiated either graph 
cally or analytically to give the true heat capacity: 

(52) 


’b( HTi — Htq) ~] _ ri 

dT \p 


The furnace for preheating the sample must obviously contain a region 
of sufficiently uniform temperature. This can be accomplished by using a 
furnace with a large ratio of length to bore. In some cases, the sample is 
preheated in a vessel surrounded by a vapor or liquid bath of known tem¬ 
perature. It cannot be assumed that the heat loss during the fall from the 
preheater into the calorimeter is negligible. If the apparent heat capacity 
of the empty sample container is evaluated by observations made under 
the same conditions as those existing during the determination of the heat 
capacity of the sample, it may be assumed that the heat losses during the 
drop cancel out, provided the sample container itself has a sufficiently large 
heat capacity. From this point of view, it is advantageous for the con¬ 
tainer to be constructed of material having not too high a thermal con¬ 
ductivity. Heat loss during the drop can be materially reduced l,G by 
evacuating the furnace, calorimeter, and connecting tube to a pressure of 
about one millimeter: at this pressure, the static thermal conductivity of 
a gas is approximately the same as at atmospheric pressure, so the attain¬ 
ment of thermal equilibrium in the furnace and calorimeter is not slowed 
down, while at the same time the sample during its fall will lose much less 
heat to the surrounding gas. 

For the receiving calorimeter, one can employ any sufficiently precise 
apparatus of convenient design, such as those described elsewhere in this 
chapter. The only modification of ordinary design which is needed is the 
provision either of openings in the calorimeter and jacket covers which are 
large enough for the sample to fall through, or of means for temporarily re- 


116 K. Bornemann and O. Hengstenberg, Melall u. Erz, 17, 319, 339 (1920). 
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moving these covers. Receiving calorimeters are of two types, either a 
stirred liquid 117 or an aneroid (metal block) calorimeter. With a liquid 
receiver, precautions must be taken to avoid splashing of the liquid (the 
amount of liquid in the calorimeter, or the energy equivalent of the calo¬ 
rimeter, should in any case be determined after, rather than before, the 

drop) when the sample drops into it. This dif¬ 
ficulty, as well as errors caused by possible vaporiza¬ 
tion of the calorimeter liquid by a hot sample, is 
avoided by the use of an aneroid receiver. It is 
evidently advantageous to have the “dead” heat 
capacity of the calorimeter as small as is consistent 
with good design so far as other factors, such as 
temperature equalization and heat loss to the calo¬ 
rimeter surroundings, are concerned. In the case of 
an aneroid calorimeter, the consideration of tempera¬ 
ture equalization is particularly important. 

An apparatus (Fig. 14) described by Southard 118 illus¬ 
trates several of the points mentioned above. The copper 
block calorimeter, C, is enclosed in a brass case immersed 
to level // in a thermostat at 25°. The receiving well is 
closed by a circular copper gate except at the instant of the 
drop, the gate being manipulated by eccentric shaft E. 
The sample, contained in a platinum-rhodium capsule, A, 
is heated in furnace B, which is surrounded by a water- 
cooled jacket. The capsule is suspended in the furnace by 
a fine platinum-rhodium wire, so that it is easily replaced 
in the furnace for another determination without dis¬ 
mounting the apparatus in any way. The temperature 
of the sample is determined by a noble-metal thermo¬ 
couple situated just above it in the furnace tube. A 
notable feature of Southard’s design is the water-cooled 
gate, D, mounted on shaft E, which prevents heat leakage 
to the calorimeter even when the furnace is at 1500°. 

White 11 * has described in detail a receiving aneroid 
which incorporates several interesting features of design, 
including an automatic arrangement for closing the re¬ 
ceiving well as soon as the sample has fallen into it. 


1,7 See, for example, M. A. Mosesman and K. S. Pitzer, 
J. Am. Chem. Soc., 63, 2348 (1941). 

» 8 J. C. Southard, J. -4m. Chem. Soc., 63, 3142 (1941). See 
also K. K. Kelley, B. F. Naylor, and C. H. Shomate, U. S. 
Bur. Mines Tech. Caper, No. 686 (1946). 

«•’ W. P. White, The Modem Calorimeter. Chem. Catalog 
Co., New York, 1928, p. 165. 



Fig. 14.—Calorime¬ 
ter for determina¬ 
tion of heat capacities 
by the method of 
mixtures (Southard). 
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V. HEATS OF COMBUSTION 

The determination of heats of combustion, particularly of organic com- 
ds has long occupied an important place in thermochemistry. In¬ 
terest in the heats of combustion of substances used as fuels is of ob- 
e ous origin; of much greater scientific interest are the applications of 
combustion data to the evaluation of other quantities such as heats and 
free energies of formation, and heats of reaction. It is important to 
ote that, with respect to the experimental accuracy required, there is 
an essential difference between these two types of application of combus¬ 
tion data. In the comparison of the calorific value of fuels, data having 
an accuracy of the order of 1% will usually suffice, while the calculation 
of important thermodynamic quantities from heats of combustion requires 
data of the highest quality. Since apparatus for the determination of 
heats of combustion of a relatively low order of precision may be readily 
nurchased and is easily used, attention in this section will be concentrated 
on modern methods by which data having an accuracy of a few hundredths 
of a per cent may be obtained. We shall first discuss some of the more 
important applications of heats of combustion, and then describe in some 
detail the experimental procedures employed in their determination. 

1. Applications 

Modern heats of combustion refer, in most cases, to a reaction taking 
place isothermally, with all the substances involved being in their stand¬ 
ard states. The standard state of each substance is taken as the form 
which is stable at 25° under a pressure of one atmosphere. (In most of the 
older work on heats of combustion the standard temperature was 18 .) 
Since the halogens and sulfur become aqueous halogen acid or aqueous 
sulfuric acid, respectively, in the combustion process, it is customary to 
report heats of combustion of substances containing these elements with 
the halogen or sulfur in the products in the form of the corresponding 
aqueous acid. Of course, in each case the concentration of the acid 
should be clearly specified. 

A. HEATS OF FORMATION 

The results of combustion calorimetry are conveniently summarized in 
the form of heats of formation. The standard heat of formation of a sub¬ 
stance may be defined as the heat content of one mole of the substance less 
the sum of the heat contents of the appropriate amounts of the elements 
from which the substance is formed, the substance and the elements being 
in their standard states. It is customary to take the following standard 
states for the elements: graphite; gaseous hydrogen, oxygen, nitrogen, 
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and halogen at one atmosphere; and rhombic sulfur. The calculation of 
a heat of formation requires a knowledge of the heats of formation of the 
products of the combustion of the substance, namely, carbon dioxide, 
water, and aqueous sulfuric and halogen acid. Thus in the case of the sub¬ 
stance C a H ft O e , it readily follows from Hess’s law that 

oCgraphite + 5/2 Hj( g .. i ft tm.) + c/2 0 2 (g.. 1 atm.) = C a H»Q|fe„ I., or g., 1 atm.) 

A//, = — A 1I e + aAtf/ccoo + 6/2A///(HtO) (53) 

where A H e is the standard heat of combustion of the substance, and AH,, 
A//,(coo, an< ^ A///(HiO) are » respectively, the standard heats of formation 
of the substance, of carbon dioxide, and of water. 

Very careful work, largely at the National Bureau of Standards, has 
furnished reliable data for the heats of formation' 20 of water and carbon 
dioxide at 25°. (The heat content of a solid or a liquid is practically inde¬ 
pendent of pressure at ordinary pressures. For this reason it is permissible 
to omit the specification of pressures after the formulas of liquids and 
solids.): 

H 2 ( f .. 1 atm.) + ViOmch 1 atm.) = H 2 0 ( 1.) 

A/7,(ii,o) = —285,795 ± 40 int. j. per mole = 

-68,318.1 =b 9.6 cal. per mole (54) 

C graphite 4" 0 2 < g ., \ *tm.) = C0 2 (g., 1 atm.) 

A/7/(COi> = —393,355 ± 46 int. j. per mole = 

—94,029.8 ±11.0 cal. per mole (55) 

As an example of the corresponding values needed when other elements 
are present, we may cite the case of sulfur. 121 The combustion data given 
by Moore et al. refer to the reaction forming H£0«.1.7 H 2 0, so that the 
heat of formation needed is: 

Srhombic + 2.7 H 2 0 ( 1., + 3 A 0 2(g .. l atm.) = HjSCVl.7 H 2 0 ( |.) 

A//,(H,so.) = -135,010 cal. per mole (56) 

B. COMPILATIONS OF HEATS OF COMBUSTION AND FORMATION 

The heats of formation of many organic compounds containing one or 
two carbon atoms are given by Bichowsky and Rossini 122 in their important 

1,0 F. D. Rossini, Chem. Revs., 27, 1 (1940). 

121 G. E. Moore, M. L. Renquist, and G. S. Parks, J. Am. Chem. Soc., 62,1505 (1940). 
F. R. Bichowsky and F. D. Rossini, The Thermochemistry of Chemical Substances. 
Reinhold, New York, 1936. 
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thermochemical tables. Kharasch>» made a rather compete cntical com 
Dilation of the heats of combustion of organic compounds, which was also 
published in International Critical Tables «« Additional tabulations have 
been made 125 which cover the literature through 1935. 

Determinations of the heats of formation of a large number of hydrocar¬ 
bons have constituted an essential part of the data needed to construct a 
very important set of tables of the thermodynamic properties of hydrocar¬ 
bons. These tables, prepared under the sponsorship of the National Bu¬ 
reau of Standards and the American Petroleum Institute, have appeared in 
a series of papers by Rossini and Pitzer and their collaborators in recent 
volumes of Journal of Research of the National Bureau of Standards. 


C. FREE ENERGIES 

The standard free energy of formation is the free energy increase ac¬ 
companying the formation of a substance in its standard state from its 
elements in their standard states. This quantity is frequently spoken of 
simply as the free energy of the substance. The important role played by 
heats of formation in the evaluation of free energies of formation has already 
been indicated in Section IV (page 757) in connection with the use of the 
fundamental relation: 54 

AF°, = AH, — T AS/ (57) 

for this purpose. The standard entropy of formation, AS/, is the entropy 
of the substance less the sum of the entropies of its elements, the individual 
entropies being evaluated either from heat-capacity measurements extend¬ 
ing to low temperatures, or from molecular data. This application of 
heats of formation illustrates most clearly the great need for attaining the 
highest possible precision in the determination of the heats of combustion 
from which they are derived. According to Rossini, 126 “. . . in most cases 
the relative magnitudes and absolute accuracies of the values of AS, and 
AH, are such that the resulting uncertainty in AF® is practically equal to 
the error in AH,” A large fraction of the combustion data appearing in 
the literature before 1930 is of insufficient accuracy to be of much value in 
the calculation of thermodynamic quantities. For example, in the case of 

113 M. S. Kharasch, J. Research Natl. Bur. Standards, 2, 359 (1929). 

114 International Critical Tables. Vol. V, McGraw-Hill, New York, 1929, p. 162. 

126 Tables Annuelles de Conslanles el Donnies Numeriques. Vol. VII, p. 150 (1925- 

1926); Vol. VIII, p. 177 (1927-1928); Vol. IX, p. 122 (1929); Vol. X, p. 119 (1930); 
Vol. XI, Section 12 (1931-1934). Landolt-Bornstein, Physikalisch-chemische Tabellen, 
5th ed., Vol. II, p. 1586; supp. Vol. I, p. 866; supp. Vol. lib, p. 1633; supp. Vol. IIIc, 
p. 2893 (up to March, 1936). 

126 F. D. Rossini, Chem. Revs., 18, 233 (1936). 
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the isomerization of cyclohexane to methylcyclopentane, the equilibrium 
measurements of Glasebrook and Lovell 127 gave a value for the entropy 
change in fairly good agreement with the value derived from heat- 
capacity data. However, the changes in heat content and free energy 
differed even with respect to sign from the values deduced by Parks and 
Huffman 128 from older combustion heats. A redetermination 120 of these 
heats with modern precision has eliminated the discrepancies. 

Free energies may be added and subtracted just as may A II values. Thus, if 
the free energies of formation of all the substances except one involved in a reaction 
are known, the free energy of that one can be evaluated from a knowledge of the 
free energy change accompanying the reaction, with all the substances in their 
standard states. This standard free energy for the reaction is given by: 

AF° = —RT In K (58) 

where K is the equilibrium constant (page 757). In cases in which it is difficult to 
obtain a sufficiently precise equilibrium constant at a single temperature, consider¬ 
able improvement may be obtained by correlation of equilibrium constants deter¬ 
mined over a range of temperature with appropriate thermal data. 130 The heat- 
capacity change accompanying the reaction may be expressed by the empirical 
equation: 

C, = a + bT + cT 2 (59) 

which on integration gives: 

Ml = A//o + aT+ 'A bT* + V,cr> (60) 

Substituting this equation in: 

= - Mi IT 1 (61) 

dl 

and integrating, we obtain: 

A F*/T = -R In A' = (A// 0 /T) - a In T - '/ t bT - ‘/ecT 2 + 7 (62) 

where A H 0 and 7 are integration constants. If the function: 

2 s -R In K + a In T + '/tbT + »/ecT 2 (63) 

is plotted against \/T, a straight line should be obtained having the slope, Aff 0 , 
and intercept 7. In general, the precision of drawing the 2 plot is considerably in¬ 
creased if a reliable value of A/7 at some temperature within the range under con- 

in A. L. Glasebrook and W. G. Lovell, J. Am. Chem. Soc., 61,1717 (1939). 

ns q S parks an d H. M. Huffman, The Free Energies of Some Organic Compounds. 

Reinhold, New York, 1932, p. 90. , tnom 

119 G. E. Moore and G. S. Parks, J. Am. Chem. Soc., 61,2561 (1939). 

» 10 G. S. Parks and H. M. Huffman, op. cit., p. 57. 
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.deration is available, for then the slope of the plot can be determined by equation 
(CO) Such a value of MI can be obtained from combustion data. . 

Sufficient data on the free energies of formation of some of the simpler types o 
organic compounds have been obtained so that it is possible to make some■ «pncal 
generalizations. Results of this sort will be found in the monograph by Parks and 
Huffman 11 ' More recent efforts in this direction have been made by several a 
[hofs Thus, Parks'- finds that the free energies at 25“ of the liquid normal paraf¬ 
fins having more than five carbon atoms are well represented by the expression. 

AF° = -8912 + 1243n, cal. per mole ( 64 ) 

where n is the number of carbon atoms in the molecule Bruins and C^rneck.'- 
have succeeded in expressing with moderate accuracy the free energies of some types 
of organic compounds in terms of bond free energies, the free energy for eachbond 
being expressed as a function of temperature. Extenswe correlations of this 
type are to be expected when a wide range of accurately determined free cneigi 
becomes available. 


D. HEATS OF REACTION 

The most general method for evaluating the heats of organic reactions is 
by means of combustion heats. This method, however, leads to rather 
inaccurate results in most cases. The sum of the heats of combustion of 
the reactants is usually a large number which differs only by a small 
amount from the corresponding sum for the products, so the difference be¬ 
tween these two sums, the heat of the reaction, may be very seriously in 
error. Furthermore, heats of reaction calculated in this way refer only to 
reactions with all the substances in their combustion standard states. 
Additional data, such as heats of solution, vaporization, etc., are necessary 
to convert such heats of reaction to conditions which may be of more prac¬ 
tical interest. 

Because of these limitations, attention has been given in recent years to the prob¬ 
lem of the direct determination of the heats of reactions which are not complete in a 
very short interval of time. Sufficient progress has been made to indicate that 
rather general methods for such determinations can be worked out. This type of 
calorimetric work is discussed in Section VIII (pages 834-839). There are many 
processes, investigation of which will remain beyond the scope of these direct meth¬ 
ods because of limitations imposed by side reactions or calorimetric difficulties. In 
such cases, the use of combustion heats will continue to be of importance. 

Prosen and Rossini 134 have recently developed a method for the evaluation of heats 
of isomerization from combustion experiments which considerably reduces the 

m G. S. Parks, Chem. Revs., 27, 75 (1940). 

i» P. F. Bruins and J. D. Czarnecki, Ind. Eng. Chem., Ind. Ed., 33, 201 (1941). 

133 See, for example, C. L. Thomas, G. Egloff, and J. C. Morrell, Ind. Eng. Chem., Ind. 
Ed., 29, 1260 (1937); C. M. Thacker, H. O. Folkins, and E. L. Miller, ibid., 33, 584 
(1941); K. S. Pitzer and D. W. Scott, J. Am. Chem. Soc., 63, 2419 (1941). 

1,4 E. J. Prosen and F. D. Rossini, J. Research Natl. Bur. Standards, 27, 289 (1941). 
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inaccuracies inherent in the usual procedure. In principle, the method consists in 
determining the ratio of the masses of two isomers (in the work cited, involving the 
hexanes, the masses of carbon dioxide formed in the combustions were actually em¬ 
ployed) the combustion of which produces equal temperature rises in the calori¬ 
metric system. Since all the experiments are carried out under nearly identical 
conditions, calorimetric uncertainties are minimized. It may be noted that the re¬ 
actions studied by Prosen and Rossini, namely, the isomerization of hydrocarbons, 
cannot possibly be investigated by the direct calorimetric method. 

E. BOND ENERGIES 

Various attempts 1 w have been made to discover additive relations be¬ 
tween heats of combustion, or values derived from them, and molecular 
structure. The consideration of bond energies affords a fruitful, if not 


Table I 
Bond Energies* 


Bond 

Energy, 

kcal./ 

mole 

Bond 

Energy, 
kcal./mole 

Bond 

Energy, 
kcal./mole 

H—H 

103.4 

0—H 

110.2 

C=N 

94 

C—C 

58.6 

S-1I 

87.5 

C=N 

144 (HCN) 

N—N 

20.0 

H—F 

147.5 

C-N 

150 (cyanides) 

0—0 

34.9 

H—Cl 

102.7 

C-S 

54.5 

s—s 

63.8 

H—Br 

87.3 

C=S 

103 

F—F 

63.5 

H—I 

71.4 

c=c 

100 

Cl—Cl 

57.8 

C-0 

70.0 

c=c 

123 

Br—Br 

46.1 

C=0 

142 (formaldehyde) 

c—F 

107.0 

I—I 

36.2 

C=0 

149 (aldehydes) 

C—Cl 

66.5 

C—H 

87.3 

c=o 

152 (ketones) 

C—Br 

54.0 

N—H 

83.7 

C-N 

48.6 

C—I 

45.5 


• L. Pauling, Nature of the Chemical Bond and the Structure of Molecules and Crystals. 
Cornell Univ. Press, Ithaca, 1940. 


very quantitative, basis for correlating such data. The total heat of dis- 
sociation of a polyatomic substance into atoms, a value which can be cal¬ 
culated from combustion data, is equal to the sum of the energies of the 
bonds in the substance. It is not, however, possible to deduce individual 
bond energies from these sums, as it is in the case of diatomic molecules; 
only mean values can be obtained. Table I gives a selection of the bond 
energy values published by Pauling. These values are so chosen that their 
sums represent, with an accuracy of about ±2 kcal. per mole, the — AH 
values for the formation of gaseous substances from gaseous atoms at 1 

.» (A) K. Fajans, Ber., 53, 643 (1920); 55, 2828 (1922); Z. physik. Chem., 99, 395 
(1921). (B) M. 0. Kharasch, /. Research Natl. Bur. Standards, 2, 359 (1929). (C) N. 
V. Sidgwick, Some Physical Properties of the Covalent Link in Chemistry, Cornell Univ^ 
Press, Ithaca, 1933. (D) L. Pauling, Nature of the Chemical Bond and the Structure of 
Molecules and Crystals , Cornell Univ. Press, Ithaca, 1940. 
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.»d I**; <» the T « “fszz.ztrzz 

bond energies were taken from Bichowksy and Rossini, 
used for the heats of formation (-A H) of the element, m their usual 
standard states from monoatomic gases are given m table II. 
method of computing the bond energies of table I can be illustrated as 

follows. For methane we have: 

Cdiamond + 2 Hi( g .) = CH4 (r.) 

Atfwi = -18.24 kcal. per mole 

Also: 

Cdiamond — v^monatomic ga» 

A//mi = 124.3 kcal. per mole 


and: 


H, (g .» = 2H( g .,I A//», = 103.4 kcal. per mole 


(07) 


Therefore: 

C, g .) + 4 H( f .) = A H n] = -349.3 kcal. per mole (08) 

In spite of the fact that it is certain that the energy necessary to dissociate 
each successive hydrogen atom from methane is not equal to one quarter 
of this value, it is nevertheless convenient to define the average energy re¬ 
quired, 87.3 kcal. per mole, as the energy of the C—H bond in methane. 
Similary, we find for ethane: 

2 C( g .) + 0 H( g .) = C*He(g.) 

A//»i = -579.8 kcal. per mole (09) 

If the assumption is made that the C—H bonds in ethane have the same 
average energy as those in methane, we obtain for the energy of the C—C 
bond the value 579.8 - 6(87.3) = 56.0 kcal. per mole. This value differs 
from that given in table I because it is found that better agreement with 
experiment is obtained for the higher paraffin hydrocarbons if the latter 
value is employed. 

In some tabulations of bond energies, the reference state of the carbon 
atom is taken as the 5 S state instead of the normal *P state used in Pauling’s 
tabulation. It should also be noted that the above bond energies calcu¬ 
lated for 18° include the vibrational, rotational, and translational energies 
of the molecules. It would be preferable to correct the thermochemical 
data to 0° K, but in most cases the heat-capacity data necessary for this 
correction are not available. 


There is abundant evidence that bond energies defined in the manner described 
above are not strictly additive. This has already been illustrated by the fact that 
the value for the C—C bond deduced from the heats of formation of methane and 
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ethane is not suitable for the higher paraffin hydrocarbons. Rossini 136 has sum¬ 
marized the most reliable data on the heats of combustion of various homologous 
series of compounds, and has found that, contrary to the prediction based on the as¬ 
sumption of the additivity of bond energies, the introduction of a CH, group does 
not cause a constant increment in the heat of combustion until the number of car¬ 
bon atoms exceeds five. He interprets this as indicating that the influence of an 
atom, so far as energy is concerned, extends to the atom second removed from it. 
With five or more carbon atoms present, extending either of the above series merely 
consists in introducing additional CH, groups in the middle of the molecule under 
effectively constant conditions. 


Table II 


Heats of Formation of Elements in Their Standard States 
from Monatomic Gases 


Element 

Heat of formation, 
kcal./mole 

Element 

Heat of formation, 
kcal./mole 

H, 

103.4 

F, 

63.6 

C 

124.3" 

Cl, 

57.8 

N, 

170.2 

Br, 

53.8 

0, 

118.2 

• I. 

51.2 

s 

66.3 


• 


• This is the heat of sublimation of diamond. 


Further evidence 134, 137 of the nonadditivity of bond energies is afforded by the 
heats of isomerization of paraffin hydrocarbons determined by Rossini and cowork¬ 
ers. Thus, for the isomerization of n-heptane to 2,2-dimethylpentane at one at¬ 
mosphere, Prosen and Rossini have found: 

n-heptane ( g .. i atm.) = 2,2-dimethylpentane ( g ., i atm.) 

A/foi.it = —4.45 kcal. per mole (70) 

The simple summation of bond energies is, of course, unable to account for this rela¬ 
tively large difference in heats of formation. Attempts 138 have been made to modify 
the postulate of simple additivity in such a way that difficulties of this sort are 
eliminated. 

136 F. D. Rossini, J. Research Natl. Bur. Standards, 13, 21, 189 (1934). E. J. Prosen, 
W. H. Johnson, and F. D. Rossini, ibid., 37, 51 (1946). 

137 F. D. Rossini, J. Research Natl. Bur. Standards, 15, 357 (1935); J. W. Knowlton 
and F. D. Rossini, ibid., 22, 415 (1939); E. J. Prosen and F. D. Rossini, ibid., 27, 
519 (1941). See also C. M. Anderson and E. C. Gilbert, J. Am. Chem. Soc., 64, 2369 
(1942). 

See, for example, V. Dietz, J. Chem. Phys., 3, 58, 436 (1935); R. Serber, t bid., 3, 
18 (1935); E. Mack, J. Phys. Chem., 41, 221 (1937). 
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Despite the approximate nature of heats of format.on caicu^ted from 
bond energies, they are of considerable interest in connection with prob 
kms of molecular structure. A molecule whose structure cannot be re^ 
resented satisfactorily by a single classical valence bond formula c , 
type of approximation method, be more accurately considered as a reso 
nance hybrid of several such structures. In such a case, the difference b 
tween the observed heat of formation and that calculated for one of the 
contributing structures with the help of the table of bond energies gives an 
IS value for the resonance energy relative to the structure con¬ 
sidered. For example, the heat of combustion of benzene leads to the 
value —A H, = 1039 keal. per mole; one would predict for a single Kejui 

stSure the value -A H, = 6(C-H) + 3(C-C) + 3(0-0 = 
kcal per mole. The difference, 39 keal. per mole, is the resonance energy 
of benzene relative to the Kekute structure. The reader is referred to 
Pauling’s book ,WD for further discussion and illustration of the impor¬ 
tance of heats of combustion in connection with resonance. 

Wrinch and Harker 139 have suggested that the concept of constant bond 
energies should be dropped, and be replaced by the assumption that, for the 
bonds formed between each pair of atoms, there is a one-to-one relation 
between bond energy and bond length. Thus, they point out that the 
energies of C-N,.C=N, and C^N bonds fall on a smooth curve when 
plotted against bond length. They suggest that, on this basis, the heat 
of formation of a molecule will be directly dcducible from its geometry 
without any consideration of bond character or resonance. 


F. CALORIFIC VALUES OF EXPLOSIVES 

The “calorific value” of an explosive is defined as the heat evolution, in 
calories per gram, when the substance is exploded in the absence of oxygen 
except for what it contains itself. This quantity 140 differs but little from 
the heat evolved when the substance is exploded under practical condi¬ 
tions. Experimental techniques differ somewhat from those employed 
in ordinary combustion calorimetry. For example, an especially strong 
bomb is used, and various methods of detonation are employed. 

2. Bomb Calorimetry 


A. DESCRIPTION OF APPARATUS 

The heats of combustion of solids and liquids are usually determined by 
combustion in a bomb in an excess of oxygen. The bomb is immersed in a 

D. Wrinch and D. Harker, J. Chem. Phys., 8, 502 (1940). See also R. F. Barrow. 
Trans. Faraday Soc., 36, 1053 (1940). 

J. Taylor, C. R. L. Hall, and H. Thomas, J. Phys. A Colloid Chem., 51, 580, 593. 
(1947). 
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calorimeter containing a suitable liquid, usually water. The calorimeter is 
surrounded by a jacket; in the ordinary method the temperature of the 
jacket is held constant, while in the adiabatic method the temperature of 
the jacket is maintained equal to that of the calorimeter. Combustion 
experiments are almost without exception of relatively short duration, so 
that there is little to be gained from the added complications of the adia¬ 
batic method (page 747). Bomb calorimeters are, fundamentally, de¬ 
vices for comparing the heats of combustion processes with known amounts 
of electrical energy. However, since very careful measurements u,a of the 
heat of combustion of benzoic acid have been made, it is possible, without 
serious loss of accuracy, to use the combustion calorimeter to compare the 
heat of combustion of the substance under investigation with that of ben¬ 
zoic acid, thus eliminating the need for a calorimeter heater (a crude heater 
will still be desirable to facilitate the adjustment of the temperature of the 
calorimeter) and the accessory apparatus for the measurement of electrical 
energy. In order for the comparison between combustion heat and elec¬ 
trical energy, or between two different combustion heats, to be made as 
accurately as possible, it is important that the time-temperature curves 
for the two processes be as nearly alike as possible. In this way inaccura¬ 
cies in the calorimetric observations, particularly those resulting from heat 
leakage to the surroundings, will be minimized. Combustion apparatus 
with which a high degree of precision may be obtained has been described 
by several experimenters in this field. 1416 It will be sufficient to restrict our 
attention to the apparatus described in several publications from the Na¬ 
tional Bureau of Standards, since, in its later forms, it is at least equal in 
precision to any other bomb calorimeter. 

Figure 15 represents diagrammatically the bomb itself. 142 The bomb, A, 
is constructed of Illium, a corrosion-resistant alloy, and has an internal 
volume of 385 milliliters. The head, B, also of Illium, is pressed against 
the bomb by 16 setscrews, a tight seal being insured by gold gasket C. 
Connections D, with standard tapers, can be inserted for flushing and fill¬ 
ing the bomb with oxygen and for analyzing the gaseous products of com¬ 
bustion. The material to be burned is placed in platinum cup E , and is 
ignited by fusing a small coil of fine iron wire, F , supported from two plati¬ 
num lead wires, G. Solid substances which have sufficiently low vapor 


»«• R. s. Jessup, J. Research Natl. Bur. Standards, 29, 247 (1942); ibid., 36, 421 

14,6 See especially J. Coops el al., Rec. Irav. chim., 66, 113-176 (1947), for a detailed de¬ 
scription of equipment designed to give an accuracy of 0.01-0.02%. This equipment in¬ 
cludes several interesting innovations. 

141 E. J. Prosen and F. D. Rossini, /. Research Natl. Bur. Standards, 27, 289 (1941). 
Similar apparatus has been described by H. M. Huffman and E. L. Ellis, J. Am. Chem. 
Soc., 57, 41 (1935), J. W. Richardson and G. S. Parks, ibid., 61, 3543 (1939), and others 
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pressures can be weighed directly 

Ls. Liquid substances are conta.nedmth.n walled g ^ P ^ ^ 

flattened sides, the ampoules being some substances complete corn- 

will withstand the oxygenpressure. W.thsoi^subs nce guch 

heat of combustion is additive is not in general true oecau 



Fig. 15.—Bomb for combustion calorimetry (Proscn and Rossini). For 
the functions of parts not mentioned in the text, see the original paper. 


of mixing. Any error from this source, however, will usually be very 
small. It is standard practice to place one milliliter of water in the bomb 
to insure saturation of the oxygen, and to use an initial oxygen pressure of 

30 atmospheres. . Q 

The bomb is submerged in a calorimeter containing approximately 6 
liters of water. It is essential that the calorimeter liquid be very thor¬ 
oughly stirred, but with as small a heat of stirring as possible. The design 
described in detail by Dickinson'" is very satisfactory. Particular care 
should be taken that the calorimeter cover is in good thermal contact with 
the calorimeter liquid, and is sufficiently tight to prevent evaporation. 

143 E. W. Washburn, /. Research Natl. Bur. Standards, 10, 525 (1933). 

144 H. C. Dickinson, Natl. Bur. Standards ( U. S.), Bull. 11, 189 (1915). 
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Evaporation may also be lessened by a thin film of oil on the surface of the 
calorimeter liquid. For electrical calibration, the calorimeter is equipped 
with a heating coil fitting snugly around the body of the bomb. The 
coil is supplied with a pair of potential leads joined to the main leads 
midway between the calorimeter and the jacket. The temperature of the 
calorimeter liquid is measured with a platinum resistance thermometer 
(page 10). 

A constant-temperature water jacket surrounds the calorimeter on all 
sides with an air gap of approximately one centimeter. Dickinson 144 
has described a jacket with a removable cover through which the jacket 
liquid also circulates. The water in the jacket is thoroughly stirred, and 
its temperature is held constant to within a few thousandths of a degree 
by a thermostat (see Chap. II). Rossini recommends that the jacket 
temperature be a little higher than the final temperature of the bomb as a 
further protection against evaporation from the calorimeter. 

Bomb calorimeters have been described 146 which are much smaller than 
the bomb illustrated above. These microbombs require only about 0.01 
gram of substance, as compared with about 1 gram required by bombs of 
ordinary size. However, the lower precision obtainable with such ap¬ 
paratus is probably insufficient for modern requirements. 

B. ELECTRICAL CALIBRATION 

The heater and power supply should be designed so that the electrical 
calibration experiments involve a temperature change of nearly the same 
magnitude and duration as the combustion experiments. The method of 
measuring the electrical energy input has been described in Section II 
(page 736). The calorimetric procedure employed in electrical calibration 
experiments is similar to that in combustion experiments to be described 
below. 

C. BENZOIC ACID CALIBRATION 

Calibration by means of combustion of standard sample benzoic acid 146 
is sufficiently accurate for most purposes. The accepted value for the heat 
of combustion of benzoic acid is that of Jessup. 14,0 The procedure is pre¬ 
cisely the same as that described below, except that it is unnecessary to 
apply the complete Washburn corrections. 

M. Padoa and B. Foresti, Gazz. chim. ital., 53, 493 (1923); Ber., 58, 1339 (1925). 
W. A. Roth, Chem. Fabrik, 1936, 10-12. 

1,6 Obtainable from the National Bureau of Standards, Washington, D. C. 
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D. 


COMBUSTION PROCEDURE 

are made every two minutes during a fore period o 
charge is then ignited and the calorimeter temperature u^observed 
frequently, particularly while the temperature is rising rapidly, for 15-* 
minutes during the “reaction” period. Finally, the temperature is fol¬ 
lowed for an additional 20 minutes, the “after” period, with rea J‘ n ^ e ^ 
2 minutes. The temperature-time curve is practically a straight line d 

ing the fore and after periods. 


3. Corrections to Combustion Data 

The corrections for thermal leakage and stirring can be evaluated in vari¬ 
ous more or less equivalent ways (see Section III). The ignition correc¬ 
tion for the temperature rise resulting from the burning of the fuse wire 
is determined by blank experiments. Small amounts of nitric acid 
are formed by oxidation of the nitrogen impurity in the oxygen, ine 
nitric acid is determined by titration at the end of the combustion, and the 
correction calculated, taking 13,800 calories per mole for the heat evolved 
in the formation of dilute aqueous nitric acid from nitrogen, oxygen, and 
water. This correction is expressed as a temperature change by using 
an approximate value for the heat capacity (energy equivalent) of the 
calorimeter. 

In the correction to the isothermal process , we denote by A7 corr . the tem¬ 
perature rise which has been corrected as outlined in the preceding para¬ 
graph. In individual cases, other corrections may be necessary; analysis 
of the products of combustion may, for example, indicate the need for ad¬ 
ditional corrections. As actually carried out, the combustion process takes 
place over a range of temperature. The quantity in which we are inter¬ 
ested, however, is the heat effect which would be observed if the process 
were to take place isothermally. The heat absorbed in the actual bomb 
process is conveniently calculated for the initial temperature of the com¬ 
bustion, since one can more easily evaluate the heat capacity of the prod¬ 
ucts than of the reactants. As pointed out by Richards, 148 if the heat ca¬ 
pacity of the final system in a calorimetric experiment is employed in calcu¬ 
lating the heat of the process from the observed temperature rise, the value 
obtained refers to the initial temperature of the experiment. If the energy 


e. J. R. Proscn and F. D. Rossini, J. Research Natl. Bur. Standards, 27,289 (1941). 
148 T. W. Richards, J. Am. Chem. Soc., 25, 209 (1903). 
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equivalent, or heat capacity of the calorimetric system with the bomb 
filled precisely as for a combustion experiment, except for the omission of 
the sample for combustion and the fuse wire, is denoted by E, then the 
heat absorbed, per mole of substance, in the bomb process occurring iso- 
thermally at the initial temperature is: 

-A U B = AT corr . (E + C).M/m (71) 

where M is the molecular weight of the substance, and m is the mass of the 
sample in grams, corrected to vacuum. In this expression, C is a heat ca¬ 
pacity term which, according to Washburn, 148 can be expressed in the fol¬ 
lowing form, which holds with sufficient accuracy for any substance of the 
formula C a H„O e in the region of room temperatures: 

C = 0.158m F . + ^ 1(1.77. + 0.0112P)a + 7.74 b + 2.5c) - 

34/ihno,, cal. per degree C. (72) 

In this equation, m Fc is the mass of iron wire burned to FeaOj, P is the final 
pressure in the bomb in atmospheres, and n H NO. is the number of moles of 
HN0 3 formed. If the substance contains other elements, suitable terms 
must be added in evaluating C. 

The energy equivalent, E, cannot be assumed to be independent of 
temperature; it is therefore to be determined over the same temperature 
interval as that resulting from the combustions. If benzoic acid is used 
for calibration, the known value of A U B for benzoic acid 140 and the calcu¬ 
lated value of C are employed in equation (71) to evaluate E. 

4. Reduction to Standard Conditions. The Washburn Corrections 

Following Washburn’s 143 recommendation, the Permanent Committee on 
Thermochemistry of the International Union of Chemistry in 1934 recom¬ 
mended using carefully standardized experimental conditions. Thus, 
the initial oxygen pressure should be 30 atmospheres, three milliliters of 
water per liter of bomb volume should be added, and, in the case of benzoic 
acid, three grams per liter of bomb volume should be burned. With other 
substances, the sample size should be sufficient to give about the same tem¬ 
perature rise as given by this amount of benzoic acid. 

Washburn pointed out that the actual bomb process had not been com¬ 
pletely defined by previous workers, and that the precision obtainable by 
modern calorimetric methods is such as to make this lack of definition sig¬ 
nificant. Furthermore, the initial and final states in an actual combustion 
process, even when completely defined, are thermodynamically uninter¬ 
esting or trivial, and suitable corrections should be employed to refer the 
calorimetric data to a convenient set of standard states. Washburn has 
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given in complete form the methods of computation of^the "“y °or- 
rections. It will be sufficient for our purposes * J, Wash . 

^Z^ST^lZnnot be too stronyly £ 

other countries, is impaired by the failure of the authors to apply any but 

the more obvious corrections to their work. , . 

We have indicated above how the heat, A U B , of the actual b 1 P 
is calculated. A quantity of more utility and interest .s the: heat „JU„ 
absorbed when one mole of substance in its standard state, at the standard 
temperature T„ reacts with an equivalent amount of oxygen gas under a 
pressure of one atmosphere to form pure carbon dioxide gas and pure liquid 
water, both under a pressure of one atmosphere, the reaction taking place 
without the production of any external work. It is of no significance that 
this process is not experimentally realizable. This definition of A r ap¬ 
plies in the case of a compound containing only carbon, hydrogen, ana 
oxygen. If other elements are present, the final state of the combustion 
products derived therefrom must, of course, be specified. Thus, for a sub¬ 
stance containing only carbon, hydrogen, and oxygen the process to which 
A Ur refers can be written: 

CaHftOcft. or I., 1 atm.) + (a + 6/2 — c/2) O*,*.. l Atra.) = 

a CO*(g.. i Atm.> 4- 6/2 H*0(L, i Atm.> (73) 


It is not necessary to include the case of a substance which is stable as a gas 
at T„ since the heats of combustion of such compounds are more con¬ 
veniently determined by means of the flame calorimeter (page 799). If a 
mixture of substances 140 is burned, C a H*O e represents the empirical composi¬ 
tion of the mixture. The quantity A U R in many cases differs only slightly 
from A U B , but in other cases the difference amounts to as much as several 
tenths of a per cent. 4 

For purposes of computation the hypothetical process corresponding to 
A (7* may be broken up into any convenient set of steps, one of which must 
be the actual bomb process. Washburn 143 - 149 finds the following set of 
steps involves A TJ values which may be calculated with sufficient accuracy: 

“Step 1. no, moles of oxygen at T t and 1 atm. are compressed into the 
bomb which contains n moles of the substance to be burned and n w g. 
of liquid water. The initial pressure of the oxygen in the bomb is pi atm. 
at T,. . . . 

“Step 2. The combustion is carried out in the usual way, and the quan- 


149 The notation used by Washburn has been somewhat modified. 
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tity, — A U Bt is calculated for T a . The final pressure in the bomb is 
(p 2 + Pw) atm. at T„ p w being the partial pressure of the water vapor in 
the final system. . . . 

11 Step 8. The aqueous solution of carbon dioxide and oxygen is separated 
from the gas phase and is confined under the pressure (p 2 + Pw) atm- 

11 Step It. With the aid of a membrane permeable only to carbon dioxide, 
the dissolved carbon dioxide is allowed to escape from its aqueous solution 
into a space at zero pressure, after which it is compressed to 1 atm.... 

“Step 6. The pressure on the water is now reduced to 1 atm. and the 
dissolved oxygen is removed as a gas at 1 atm. At the same time the 
water vapor present in the bomb at the completion of the combustion is 
removed in the form of pure liquid water under a pressure of 1 atm.... 

“Step 6. The gas phase (oxygen and carbon dioxide) in the bomb is now 
expanded to zero pressure.... 

“Step 7. The oxygen and carbon dioxide are demixed at zero pressure... 

“Step 8. The oxygen and carbon dioxide are each compressed to 1 
atm. ■ ■ • 

Denoting by A U lt At/,, . . . A U 9 the increases in energy accompanying 
each of these steps, and noting that: 

A Ut - nAt/ft (74) 

A C/ 3 = At/, = 0 (75) 

we have: 

tiAUr — nAU B + A(/i + AU 2 + At/ 4 4* A U 6 + At/« + A U s 

= nAUg + A(/corr. (76) 

0r ’ A U R = At/a (1 + (Al/ e0 rr./»At/a)] (77) 

Some of the energy terms involved in At/ corr . are of negligible magnitude; 
the remainder can be evaluated by the methods given in detail by Wash¬ 
burn. 

It is not always convenient to have th6 initial temperature of a combus¬ 
tion experiment coincide with the standard temperature, T,. The value of 
Af/„ can be corrected to the standard temperature by means of the relation: 

d(,AU„)/dT = AC. (78) 

where AC. is the difference between the sum of the molal heat capacities, 
at constant volume, of the products and that of the reactants (for the 
substance to be burned and the water present, the heat capacities at con¬ 
stant pressure can be used). This correction is always small for combus¬ 
tion reactions, amounting, in the case of benzoic acid, to only —0.22 calorie 
per gram per degree C.; it can be calculated with sufficient accuracy over 
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any temperature interval in the region of room temperature by means o 
the expression: 

A U' R - A17/* = ( T ' - T) (1.78a + 7.74 b + 2.492c - C p ) (79) 

for the substance C a H»O f . Here C p is the heat capacity per mole of the 
substance to be burned, and the remaining terms in the second parentheses 
express the total heat capacity of the products. The unit of energy is the 
calorie. The temperature coefficient of A U B differs from that of A U R by 
only a negligible amount. 

5. Calculation of A H e 

For most thermodynamic calculations, the quantity of greatest interest 
to be derived from combustion experiments is the difference in heat content 
between the products and reactants. This quantity, which is denoted by 
AH f if all the substances are in their standard states, is obtained from A U R 
by means of the equation (see page 734): 

A// c = A U R + A (PV) (80) 

Since oxygen and carbon dioxide under a pressure of one atmosphere be¬ 
have approximately as perfect gases, this expression can, with sufficient 
accuracy be written: 

A H e = A U R + A nRT (81) 

where An is the difference between the number of moles of carbon dioxide 
formed and oxygen consumed when one mole of substance is burned (if 
nitrogen is present, allowance has to be made for the fact that this element 
also appears in the gaseous state in the products of the combustion). In 
equation (81), the volume changes in condensed phases are neglected. At 
298.16° K., RT has the value of 592.3 calories per mole. 

6. Flame Calorimetry 

The heats of combustion of substances which are gaseous or have high 
vapor pressures at room temperature are most conveniently determined in 
a flame calorimeter. The substance is burned in oxygen (usually present 
in excess) at constant pressure. Rossini 150 has described a flame calorim¬ 
eter with which highly precise results have been obtained. Figure 16 il¬ 
lustrates the reaction vessel employed. 151 Combustion takes place at the 

,M F. D. Rossini, J. Research Nall. Bur. Standards, 6, 1 (1931); 7, 329 (1931); 8, 
119 (1932). See also C. B. Miles and H. Hunt, J. Phys. Chern., 45, 1346 (1941). 

161 A different type of reaction vessel is described by Rossini, J. Research Natl. Bur. 
Standards, 12, 735 (1934), which was found to be preferable in the combustion of hydro¬ 
carbons 
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silica burner tube, F, a spark being used to initiate the reaction. The 
platinum spark leads are broken by a two-millimeter gap at the top of the 
inlet tubes, B and C, so that conduction of heat from the reaction vessel 
by the leads will be the same during combustions, when the vessel is hot 
as during calibration experiments. Most of the water formed collects in 
the condensing chamber, //; the carbon dioxide, some water vapor, and 
excess oxygen go out through cooling coil E to tubes for the absorption of 


A 



Figure 16.—-Reaction 
vessel for flame calorim¬ 
etry (Rossini). 


the water and carbon dioxide. The reaction 
vessel is immersed in a calorimeter containing 
water and surrounded by a constant-temperature 
jacket, the calorimeter and jacket being of a de¬ 
sign similar to that used with a bomb calorimeter. 

The temperature observations are made as with 
the bomb calorimeter. At the start of the reaction 
period, the gases for reaction, which have been 
previously led to waste, are carried into the reac¬ 
tion vessel, and the spark circuit is closed for a 
fixed length of time. After a sufficient amount 
of combustion has taken place, the gases are again 
led to waste, provision being made for sweeping 
out the combustible gas remaining in the inlet 
tube, and the reaction period is terminated after 
the calorimeter temperature has resumed a course 
linear with respect to time. The temperature 
readings are corrected for stirring and heat 
leakage as described previously. The apparatus 
is readily adapted to the combustion of liquids 
having sufficiently high vapor pressures. An inert 
carrier gas such as helium or air is saturated with 
the substance at a temperature somewhat below 
that of the calorimeter. 


Three rather important corrections must be made which did not arise in 
bomb calorimetry. A small fraction of the observed heat evolution is due 
to the ignition spark; the appropriate correction is determined by blank 
experiments. A “gas” correction becomes neoessary if the entering gases 
are not at the same temperature as the calorimeter. This correction 
can be calculated from the heat capacities of the gases, the volumes 
being measured by flowmeters. A “vaporization” correction is calculated 
to allow for the fact that some of the water from the combustion leaves the 
reaction vessel in the form of vapor. The amount of water vaporized is 
determined by absorption in Dehydrite and phosphorus pentoxide. 

The amount of reaction taking place is best determined by weighing the 
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carbon dioxide formed after ^ s ° rp ^J t0 estab lish that the com- 

droxide on asbestos). It is, of course, ssw^ riment An indication 

bustion is complete under the cond t on P Qf the weights G f carbon 

of this can be obtained from a care P ^ f or carbon mon- 

dioxide and water formed in the reactl °"' h Dehydrit e and Ascarite. 
oxide in the gases which are not abs0 ^ d ‘““^^Ximeter is accom- 
Determination of the energy equi com bustion of some substance 

"K -—S. 

method analogous to that used in bomb calorimetry, because the products 
of the reaction leave the calorimeter at a steadily increasing temperature 
However, the result obtained can with high accuracy be identified with the 
heat of the isothermal process occurring at the mean temperature of the ex¬ 
periment. Combustion experiments with the flame calorimeter give d 
rectly the heat of the reaction at a constant total pressure, in most cases 
one atmosphere. If a carrier gas is employed, it can be assumed that the 
heat of separating the carrier gas and the vapor of the substance burned 

negligible. 


7. Estimation of Errors 

In the assignment of uncertainties to combustion data, the procedure recom¬ 
mended by Rossini and Deming*” should be followed. This procedure applies 
when the fluctuations of the individual observations of a measured quantity are 
purely random in nature. An estimate of the standard deviation, s, to be assigned 
to the determination of such a quantity is made by means of the formula: 

(82) 


$ = VSwJ/n(n — 1) 


where v t is the deviation of the ith observation from the mean of the set of n obser¬ 
vations. It is recommended that eight to twelve observations be made. In the 
evaluation of a heat of combustion, essentially independent sets of observations 
will be concerned with the determination of the energy equivalent of the calorim¬ 
eter, and with the determination (in degrees temperature rise per mole or other 
arbitrary units, such as ohms per gram carbon dioxide) of the heat of combustion of 

,S! F. D. Rossini and W. E. Deming, J. Wash. Acad. Sci., 29, 416 (1939). 
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the substance under investigation. Separate standard deviations are estimated for 
each of these sets. If the energy equivalent is determined by means of benzoic acid, 
there must also be included the standard deviation for the set of observations lead¬ 
ing to the “accepted” value for the heat of combustion of this substance. If we 
denote by x, y, z . . ., the mean values obtained for the energy equivalent of the 
calorimeter, the “accepted” heat of combustion of the standardizing substance, the 
heat of combustion of the substance under investigation, etc., and by 8 X , s y , s t ..., 
the corresponding standard deviations, the standard deviation to be assigned to the 
final heat of combustion, A// f (in joules or calories per mole), is: 

s« = A H, VW-C) 5 + («,/?)’ + («./*)’ + ■ • • (83) 


This equation follows from the law of combination of errors, since the quantities 
x, y t z ...» all enter to their first powers only in the calculation of A H e . The over¬ 
all precision uncertainty interval in A H c is then set equal to 2s f , that is, A H t is re¬ 
ported as A H r =* s t . 

It should be clearly realized that an uncertainty interval evaluated in this way is 
merely a standardized method for expressing the precision of the final result. Con¬ 
stant systematic errors may make the accuracy of the result far inferior to its pre¬ 
cision. It is the responsibility of the individual experimenter to exert every pos¬ 
sible effort to reduce systematic errors to the point at which they cannot affect the 
final result by amounts exceeding a fraction of the estimated uncertainty interval. 
If it is known that, for some reason, a quantity can be measured with a precision 
higher than the accuracy that can be attained, the estimated uncertainty interval 
should be broadened appropriately by inclusion, or modification, of a corresponding 
term in equation (83). Furthermore, it is advisable to add to the value of s e an 
arbitrary allowance for a 10% uncertainty in the Washburn corrections. An un¬ 
certainty interval which includes all known nonrandom sources of error in addition 
to the individual standard deviations is termed an accuracy uncertainty interval. 
It has been assumed in the above discussion that the accuracy of calibration of the 
temperature, electrical, and other measuring devices employed is consistent with 
the precision obtainable in their use. 

In view of the fact that the modern technique of determining combustion heats 


can lead to results having an accuracy, so far as the calorimetric measurements are 
concerned, of a few hundredths of a per cent, it is obvious that the greatest care 
must be exercised in establishing the purity of the substances investigated. In 
connection with liquid compounds, for example, the solubility of air in the material 
may be high enough to introduce significant errors in weighing. Criteria of purity 
based on the thermal behavior of a substance in the neighborhood of its melting 
point are discussed in Sections IV and VI (pages 757 and 805). 


VI. HEATS OF FUSION, TRANSITION, AND VAPORIZATION 

1. Heats of Fusion 

The most accurate data on heats of fusion have been determined in the 
Nernst type of calorimeter, described on page 760, which is employed in 
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cient to determine the heat absorbed in the meltmgprocessprov.dedthe 
sample under investigation is pure. It is evident that theheatt abwrbri 
per mole at constant pressure in going from temperature T, to temperature 

T, is : 

AQ - f T T r C, w dT + AH, + f£ C, (U ,uid) dT (84) 


where AH, is the heat of fusion per mole. During the actual melting of the 
sample, the temperature will remain practically constant at the melting 
temperature, T mt of the substance. 

In the method of mixtures (page 780), observations of the heat evolved 
when the material is cooled to the temperature of the calorimeter are made, 
with initial temperatures above and below the melting point. The calcu¬ 
lation of the heat of fusion from such data is carried out by means of equa¬ 
tion (84), where the integrals are evaluated using true heat capacities. 

It is necessary to be certain that the crystalline modification of the ma¬ 
terial used in these measurements is the modification which exists in equi¬ 
librium with the liquid substance at the melting point. If the liquid is rap¬ 
idly cooled to a temperature below its melting point, a metastable form 
may be obtained which may change to the stable form only very slowly. 
In the case of certain organic compounds, glasses are obtained rather than 
crystalline solids, and transition to the crystalline state may be extremely 
slow. It is obvious that the method of mixtures cannot be applied in such 
cases. In the ordinary calorimetric method, indication of these abnormal¬ 
ities, in the case of pure substances, is obtainable from the behavior of the 
temperature of the sample during melting; if equilibrium between solid and 
liquid forms is not established, there will be no period of approximately 
constant temperature during melting. Equation (84) will lead to erro¬ 
neous results with substances which are not pure, since in such cases the 
melting process is not strictly isothermal. In particular, the phenomenon 
of “premelting” (page 757) may be of considerable importance even with 
relatively pure substances. The first integral in equation (84) will be too 
large if observed heat capacities are utilized without regard for premelting. 
In many cases, the observed heat capacities below the melting point can 
be corrected for premelting as outlined on page 758. 

Heats of fusion or freezing may also be determined in a calibrated heat- 
conductivity calorimeter (page 763). It is possible 153 to obtain an esti- 


153 See, for example, L. E. Steiner and J. Johnston, J. Phys. Chem., 32, 912 (1928). 



804 


J. M. STURTEVANT 


mate of the heat of fusion in this type of calorimeter without any direct 
knowledge of the heat capacities of the substance in the liquid and solid 
states. Heats of fusion can be deduced from measurements of solubility 154 
and of freezing point lowering.' 55 In an ideal solution, or in a sufficiently 
dilute solution, van’t Hoff’s law of the lowering of the freezing point holds: 


dT 

dNi 



(85) 


In this expression k/k' is the distribution coefficient of the solute between 
solid and liquid phases, N 7 is the mole fraction of the solute, and T is the 
melting temperature. If A H /t the molal heat of fusion of the solvent, is 
measured in calories, R has the value 1.986. In cases in which solid solu¬ 
tions are not formed, k/k' = 0; in such cases, integration of equation (85) 
(A Hf can be considered to be constant over a short range of temperature) 
gives: 

To ~ T - (86) 

where To is the melting point of the pure solvent, and T is the temperature 
at which the liquid mixture is in equilibrium with pure crystalline solvent. 
Since, in dilute solutions: 

(87 > 


where is the weight of solvent present, Mi is the molecular weight of the 
solvent, n 2 is the number of moles of solute, and m* is the molality of the 
solute (moles per 1000 grams solvent), we have: 


~ lOOOCTo - T) 


( 88 ) 


This equation cannot be applied to the determination of A H f unless the 
molecular weight of the solute in the solution is known; it is thus necessary 
that the simple solute molecules do not undergo association or dissociation 
under the conditions of the experiment. 

An application of heats of fusion of some interest to organic chemists is 
the determination of “bound” water in various colloidal systems. 156 It is 


» 6 ‘ G. N. Lewis and M. Randall, Thermodynamics and the Free Energy of Chemical 
Substances. McGraw-Hill, New York, 1923, p. 229. 

166 G. N. Lewis and M. Randall, op. cit., p. 237. A. Eucken, Energie- und Wdrmeinhalt, 
Vol. VIII, Part 1, of Wien-Harras, Handbuch der Expcrimentalphysik, Akadem. Vei- 
lagsgesellschaft, Leipzig, 1929, p. 590. F. W. Schwab and E. Wichers, in Temperature, 
Its Measurement and Control in Science and Industry, Reinhold, New York, 1941, p. 256 
IM R. A. Gortner, Outlines of Biochemistry, 2nd ed., Wiley, New York, 1938, p. 285. 
F. C. Magno, H. J. Portas, and H. Wakeham, J. Am. Chem. Soc., 69, 1896 (1947). 
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waTer^ieLTo^Susion 0 ^ thTwater. This is interpret*« o ind jj^ 

through hydrogen bonding to hydroxyl groups in the cellulose, does not 
behave like bulk water, while water which is condensed in capillaries or 
held by multilayer adsorption freezes not far from the ordinary freezing 
point of water. Magne, Portas, and Wakeham used the drop method 
(method of mixtures, page 780) in measurements of this type. 


2. Time-Temperature Curves 

The behavior of a substance on being gradually cooled or heated through 
its transition between the liquid and solid states gives valuable information 



Fig. 17.—Cooling curves for a 
pure (unbroken curve) and an 
impure substance. 



Fig. 18.—Heating curves for 
a pure (unbroken curve) and 
an impure substance. 


concerning its purity. It is probable that this behavior serves as one of the 
most critical and most widely applicable criteria of purity 157 ; because of 
its close connection with heats of fusion, and its relative ease of application, 
it will be discussed at some length here. 

Suppose a sample of material is cooled from slightly above its melting 
point by heat interchange with a surrounding shield the temperature of 
which is reduced at a uniform rate. If the substance is very pure, and ther¬ 
mal equilibrium is maintained during freezing, a time-temperature curve 
such as hedef in figure 17 will be obtained. The shield temperature is 


167 Sec the discussions by W. P. White, J. Phys. Chem., 24, 393 (1920); E. W. Wash¬ 
burn, Ind. Eng. Chem., Ind. Ed., 22, 985 (1930); and E. L. Skau, Proc. Am. Acad. Arts 
Set., 67, 551 (1932); J. Phys. Chem., 37, 609 (1933). 
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represented by the heavy straight line. The initial cooling below the 
freezing temperature (undercooling) may be controlled to some extent by 
inoculation with a crystal of the substance. If the rate of heat interchange 
between the shield and sample is known, the heat of fusion can be esti¬ 
mated from the time-temperature curve. This is most conveniently done 
by graphical evaluation of the area bedefb ; an error (usually small) is 
inherent in this procedure as a result of the fact that the rise in temperature 
cd is accomplished by heating the liquid substance, whereas the integration 
is based on the assumption that all the temperature change takes place with 
the substance in the solid state. If the heat interchange between shield 
and sample follows Newton’s law, then the heat absorbed by the sample, 
A< 7 , is: 

-A q = k f° (T - T,)dl (89) 

where t is the time, T and T, are the temperatures of the sample and shield, 
respectively, and k is the Newton's law constant for the system. This in¬ 
tegral is obviously equal to the area bedefb plus the area abfga ; the latter 
area is the heat evolved in cooling the solid and the sample container to the 
temperature at point/. 

If an impure substance is cooled, a curve similar to hcd'e'f* will be ob¬ 
tained. The temperature during freezing will not remain as constant as 
before; in most cases, the first material to crystallize will be pure “solvent,” 
the remaining liquid becoming more concentrated in the impurity as 
freezing progresses. Therefore, the freezing point of the remaining liquid 
will be lower by increasing amounts. It is evident, however, that the area 
bcd'e'f'b will be approximately equal to the area bedefb, if the same amount 
of material is used and if the impurity is not present in a large amount. 
Experience has shown 1w that the presence of relatively small amounts of 
impurities produces a marked change in the form of the freezing curve, the 
greatest differences per unit amount of impurity being found in the nearly 
pure substance. 

Equation (85) (for the case of no solid solutions) on integration between 
Ni and Nl gives: 

r - T ' = mrniM- m Z (90) 

where T* and T" are the freezing temperatures of solutions having molali¬ 
ties mi and mj, respectively. If mi is the concentration of the impurity 
in the original sample, after half the material is frozen the concentration 
will be 2mi, provided equilibrium is maintained. The difference in tem¬ 
perature between these two points on the curve then enables one to esti¬ 
mate mi. If necessary, A H f can be estimated from the time-temperature 
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sample container. However, unless 
considerable precision is sought, it is 
probable that a sufficiently good esti¬ 
mate can be made in this way. The 
point of half-solidification is then half¬ 
way between the start of freezing and 
the point e where the time-tempera¬ 
ture curve starts to dip down. With 
a rather impure sample, considerable 
difficulty will, of course, be experi¬ 
enced in locating this point. 

Information as to the order of 
magnitude of impurity concentration 
can be obtained by comparing the 
original curve with the curve obtained 
after the addition of a small amount 
of some substance which does not 
form a solid solution with the sub¬ 
stance under test; if the identity of 
the impurity is known, the added 
substance should be the same. In 
making this comparison, it should 
be remembered that the first small 
amounts of impurity have the largest 
effect on the form of the curve. 

Heating curves may also be em¬ 
ployed as a criterion of purity. An 
ideal heating curve (IV) is shown in figure 18 (page 805), together with 
a curve obtained with an impure compound (///). The heavy line (I) 
represents the temperature of the shield, and the dashed line (II) is the 
extrapolation of the portion of the curves corresponding to complete 
liquefaction. As in the case of cooling curves, an estimate of the heat of 
fusion can be made by graphical integration. If the process of fusion is 
observed in a calorimeter in such a way that the sample may be held in 



Fig. 10.— Skau’s apparatus for 
time-temperature curves. 


168 The error in this procedure is discussed by Schwab and Wichers, loc. cit . m 
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a condition of partial fusion long enough for equilibrium to be estab¬ 
lished, a definite estimate of impurity concentration can be made from the 
change of sample temperature with proportion melted,which in this 
case is estimated from the amount of electrical heat input since the start 
of fusion. 

Skau 157 has described, for the observation of freezing and melting 
curves, an apparatus which is very readily constructed. A small sample 
(approximately 0.5 gram) of material is contained in a sealed ampoule 
(Fig. 19) constructed of very thin glass 100 and containing a well into 
which is inserted a copper-constantan thermocouple (one junction will suf¬ 
fice if potential measurements are made to the nearest microvolt). The 
well is filled with vaseline or other suitable substance, depending on the 
temperature at which measurements are to be made. The sample tube is 
fastened by thread or thin wire to a piece of thin-walled glass tubing, which 
supports the sample in shield A by means of loosely fitting plastic stopper 
B, the latter being equipped with a long handle so that the sample may be 
easily removed from the shield. The shield is a cylinder of copper electri¬ 
cally heated by a winding on its outside surface, and is supported by a cork 
at its bottom in a Dewar flask, C. The Dewar is connected by tube D to a 
vacuum line so that the rate of heat transfer between the shield and the 
outside bath may be partially controlled by the pressure in the Dewar. 
This flask is immersed in a suitable bath of moderately constant tempera¬ 
ture. The arrangement shown in figure 19 is suitable for work at low tem¬ 
peratures, the outside bath consisting of liquid air contained in a second 
Dewar flask. Other convenient baths are supplied by solid carbon dioxide- 
trichloroethylene mixtures, ice and water, or a roughly thermostated liquid 
bath for higher temperatures. It is convenient to be able to observe the 
sample while it is in place in the apparatus. To this end, a slot is milled 
in the shield and the Dewar flasks are left unsilvered for a narrow strip on 
each side. 

The temperatures of the sample and the shield are measured by thermo¬ 
couples, an ice bath (see page 23) serving as the reference temperature. 
The shield junctions, E, should be located near the sample as indicated in 
the diagram, in good thermal contact with the shield. The thermocouples 
can be calibrated in the same apparatus by observing the heating or cooling 
curves for pure reference substances. For work at relatively low tem¬ 
peratures, the compounds listed by Skau lS7 may be used. Samples of 
some of these compounds, as well as samples of naphthalene, benzoic 
acid, tin, and other substances suitable for calibration at higher tempera- 


159 See, for example, G. H. Messerly and J. G. Aston, J. Am. Chem. Soc., 62,886 (1940). 
Wafer weight tubing. No. 50105, obtainable from Kimble Glass Co., Vineland, N. J. 
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tures may be obtained from the National Bureau of Standards, Washing- 
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zene containing 0.5 mole per cent of m<iichlorobenzene, and curve 



Fig. 20.—Cooling curves obtained with Skau’s apparatus. 

with a partially purified sample of chlorobenzene. It can be seen that the 
shape of the cooling curve furnishes a more sensitive test of purity than 
does the actual value of the freezing point. The impurity in the material 
corresponding to curve II lowered the freezing point only 0.23°, but was 
sufficient to cause a very marked change in the shape of the curve. 

Skau 156 concluded that heating curves obtained with this apparatus have 
several advantages over cooling curves in making qualitative observations 
regarding purity. Heating curves obtained with the same three samples 
as used for the curves of figure 20 are shown in figure 21. The fusion 
curves are more conveniently observed because there is no need to remove 
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the sample for inducing crystallization, as in the case of the freezing curves. 
Heating curves can be observed with any substance which can be made to 
crystallize in the temperature range available, regardless of the degree of 
undercooling necessary or the rate of crystallization. Heating curves seem 
to be more sensitive to very small amounts of impurity because the impuri¬ 
ties exert their greatest effect at a time when the shield and sample are 
close together in temperature, that is, at the start of melting, while in the 
case of cooling curves the shield may be as much as 20° colder than the 
sample at the corresponding point. We may quote Skau’s summary 167 of 



Tim« , minute* 


Fig. 21.—Henting curves obtained with Skau’s apparatus. 

the specifications for the heating curve of a pure substance: “( 1) The 
temperature of the sample should soon assume a practically constant rate 
of rise equal to that of the shield and in the case of an extremely pure sample 
should not deviate therefrom before the temperature of the shield has 
reached the melting point. (8) The ‘flat’ should last through about one 
half of the period during which actual melting is taking place. If the 
substance has a very low heat of fusion this ‘flat’ may be short; thus this 
criterion alone is not as conclusive as the approach to the ‘flat*.... If the 
sample is not pure, the temperature of the sample does not rise parallel to 
that of the shield. Its rate of change grows increasingly less than that of 
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‘flat,' which is shorter than for the pure compound^ has 

in regard to the estimation of ^freezing ^^cool ^ ^ ^ 

some small advantage over t g ^ a re gion in which 

cooling curve remains ve«yn«'^ er J nealTn^equilibrium. Skau gives an 
solid and liquid are presumab y Y , me n,ine point from a 

complicated than Skau's is described by Glasgow, Stre.ff. and RossmK 
In this apparatus, the freezing tube is a small Dewar flask with its heat 

leak controlled by the degree of vacuum in its wall and is the esti- 
reciprocating stirrer. The authors give a complete discussion of the est 
mation, by means of this apparatus, of purity, and of the freezing point fo 
zero impurity, and find that duplicate freezing point determinations usuallj 

agree to =*=0.002-0.005°. , , 

It is very strongly urged that organic chemists become familiar with the 

technique described in this section in order that they can establish quickly 

and quite surely the purity of their more important preparations. 


3. Heats of Transition 

Heats of transition between different solid phases are in general deter¬ 
mined by methods similar to those employed in the determination of heats 
of fusion. It should be noted, however, that, whereas the general pattern 
of behavior of all pure substances at their melting points is relatively con¬ 
stant, a wide variety of patterns is observed in the case of transitions. For 
example, the heat capacity of solid ethylene dichloride ,6? rises to a rather 
sharp maximum at 177° K., but no sharp isothermal transition takes place, 
while the heat capacity of solid ethylene dibromide rises rapidly below 
249.5° K., at which temperature there is a sharp transition to a form having 
a much lower heat capacity. Interesting transitions are observed in sub¬ 
stituted ammonium salts 163 similar to those first observed by Simon 164 in 
the case of the unsubstituted ammonium salts. Discussion of the various 
types of transitions, and their theoretical interpretation, will be found in 

ui A. R. Glasgow, A. J. Streiff, and F. D. Rossini, J. Research Nall. Bur. Stnrulards, 35, 
355 (1945). 

im K. S. Pitzer, /. Am. Chem. Soc., 62, 331 (1940). 

J. C. Southard, R. T. Milner, and S. B. Hendricks, J. Chem. Phys., 1, 95 (1933). 

F. Simon, Ann. Physik, 68,241 (1922). 
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the papers presented at a symposium 1 * 1 of the New York Academy of Sci¬ 
ences on this subject. 

4. Heats of Vaporization 

Heats of vaporization 1 * 6 are usually evaluated either by direct calori¬ 
metric observation of the amount of heat necessary to vaporize a known 
amount of material, or by calculation from the change of vapor pressure with 
temperature. These two methods are discussed briefly below. Generally, 
less satisfactory results can be obtained from measurement of the heat 
evolved on condensing a known amount of vapor, 167 and by various modifi¬ 
cations of the method of mixtures. 

A. CALORIMETRIC DETERMINATION 

Heats of vaporization may be determined in calorimeters similar to those 
used for determining heat capacities (page 760), the only important ad¬ 
dition to the apparatus resulting from the necessity of measuring the 
amount of material vaporized. Various means for collecting and meas¬ 
uring the amount of material vaporized have been described. With low- 
boiling substances, the vaporized material can be collected in the gas 
state and its volume measured, 1 * 5 or it can be absorbed chemically. 169 
The vapor may be condensed at a low temperature,' 70 or at a regulated 
temperature very slightly below that of the calorimeter. 171 In some cases, 
the amount of material vaporized may be determined by adsorption on a 
suitable adsorbent. 172 Electrical energy is introduced at a rate sufficient 
to maintain the calorimeter at approximately constant temperature during 
the evaporation. 

It is necessary for the evaporation to be carried out in such a way that 
equilibrium is maintained during the process. If too rapid evaporation 
takes place, the surface of the liquid will be cooled, the effective tempera¬ 
ture of evaporation will be below that indicated by thermometric observa- 

186 Conference on “Physics of the Solid State,” N. Y. Acad. Sci., Feb. 27 and 28,1942. 

188 See A. Eucken, Energie- und Wdrmeinhalt. Vol. VIII, Part 1, of Wien-Harms. Hand- 

buch der Ezperimerdalphysik, Akadem. Verlagsgesellschaft, Leipzig, 1929, p. 527. 

187 A. Eucken, op. tit ., p. 543. See also A. S. Coolidge, J. Am. Chem. Soc., 52, 1874 
(1930). 

188 W. F. Giauque and H. L. Johnston, J. Am. Chem. Soc., 51, 2300 (1929). R. M. 
Kennedy, M. Sagenkahn, and J. G. Aston, ibid., 63, 2267 (1941). 

189 W. F. Giauque and R. Wicbe, J. Am. Chem. Soc., 50, 101, 2193 (1928). 

no D. M. Yost, D. W. Osborne, and C. S. Garner, /. Am. Chem. Soc., 63, 3492 (1941). 
F. G. Keyes and J. A. Beattie, ibid., 46, 1753 (1924). J. F. Lemons and W. A. Felsing, 
ibid., 65, 46 (1943). 

771 J. G. Aston and G. H. Messerly, J. Am. Chem. Soc., 58,2354 (1936). J. G. Aston, 
M. L. Eidinoff, and W. S. Forster, ibid., 61, 1539 (1939). 

178 E. D. Coon and F. Daniels, J. Phys. Chem., 37, 1 (1933). 
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part or all of the pressure drop occurs To bQlonc , 

within the calorimetric system, the ap¬ 
propriate correction must be made. 173 

Another source of error, which is of 
increased importance in experiments at 
lower pressures, is entrainment of liquid 
in the vapor leaving the calorimeter. At 
low pressures, high vapor velocities are 
needed to achieve a sufficiently rapid 
evaporation, so that proper precautions 
against entrainment become more dif¬ 
ficult. The error due to lack of main¬ 
tenance of equilibrium will also tend to 
increase at low vapor pressures. Errors 
from these causes are decreased by lead¬ 
ing the vapor through a spiral tube 174 
before allowing it to leave the calorim¬ 
eter, or by placing baffles 175 in the top 

of the calorimeter. 

Coon and Daniels 172 employed an inert 
carrier gas to transport the vaporized 
material to the collecting apparatus. 

When this procedure is followed, careful 


Double co.l 
mounted on *»<co 



In front 


Mercury-filled 
contact cup» 


consideration must be given to the pos- 22.—Apparatus for dcter- 

sibility that the carrier gas is introduced m ination of hcat-s of vaporization 
at so rapid a rate that equilibrium is not (Mathews and Fehlandt). 

maintained. . . 

Several more or less obvious corrections must be applied to the results oi 
a vaporization experiment. Allowance must be made for dead spaces in 
the system which introduce errors in the measurement of the amount of 
material vaporized. Account also must be taken of the fact that the vol¬ 
ume originally occupied by liquid is occupied by vapor at the end of the 
experiment. If any change in temperature takes place during the experi¬ 
ment, the appropriate heat capacity correction ( J'CpdT) must be applied. 


173 See, for example, F. G. Keyes and J. A. Beattie, J. Am. Chem. Soc., 46,1753 (1924). 
iu F. G. Keyes and J. A. Beattie, loc. cil. J. A. Sutcliffe, F. C. Lay, and W. L. Prich¬ 
ard, Proc. Roy. Soc. London , A115, 88 (1927). 

373 F. Henning, Ann. Physik, 21, 849 (1906). N. S. Osborne, Natl. Bur. Standards 
( U.S. ), Bull. 14, 133 (1918). N. S. Osborne and M. S. Van Dusen, ibid., 14, 397 (1918). 
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Very careful measurements of the heats of vaporization of water over a 
large temperature range 176 and on other liquids 17 *- 177 show clearly the pre¬ 
cautions which must be taken in order to obtain highly precise data. A 
relatively simple apparatus described by Mathews and Fehlandt 178 yields 
data on the heats of vaporization, at their boiling points, of liquids boiling 
at moderate temperatures. This apparatus is a modification of that 
described by Brown 17 * and Smith. 180 The amount of material vaporized 
from the inner tube (Fig. 22) by means of a known input of electrical energy 
is determined directly by weighing. The vaporizer tube is hung from a 
balance by a thin platinum wire, contact with the external source of current 
being made by means of two platinum wires dipping into mercury-filled 
tubes. Condensation of material on the supporting platinum wire where 
it emerges from the apparatus is prevented by a small auxiliary heater 
and a slow stream of dry air led in through a side arm. After regular 
ebullition with a current of one ampere has been established, the time re¬ 
quired for the vaporizer to lose a definite weight is measured. The evapora¬ 
tion is made very nearly isothermal and adiabatic by jacketing the vapo¬ 
rizer tube with the vapor of the substance under examination produced 
in the small boiler at the bottom of the apparatus. Any deviation from 
adiabaticity is determined by observations of the rate of loss of material 
from the vaporizer before and after introducing electrical energy. Measure¬ 
ments can be made on as little as 30 milliliters of material. Mathews and 
Fehlandt have determined the heats of vaporization of numerous organic 
compounds boiling in the range of 35° to 215°. Comparison of Mathews’ 
results for methanol, ethanol, and benzene with the very accurate ones re¬ 
ported by Fiock, Ginnings, and Holton 177 indicates that an accuracy of 
about ±0.3% can be obtained. 

B. EVALUATION FROM VAPOR PRESSURES 

The change with temperature of the vapor pressure, P, is related to the 
molar heat of vaporization A// vap . by the Clapeyron expression: 181 

176 N. S. Osborne, J. Research Nall. Bur. Standards, 4, 609 (1930). N. S. Osborne, 
H. F. Stimson, and E. F. Fiock, ibid., 5,411 (1930). N. S. Osborne, H. F. Stimson, and 
D. C. Ginnings, ibid., 23, 197 (1939). 

177 E. F. Fiock, D. C. Ginnings, and W. B. Holton, J. Research Katl. Bur. Standards, 6, 
881 (1931). N. 8. Osborne and D. C. Ginnings, ibid., 39, 453 (1947). See also B. H. 
Sage, H. D. Evans, and W. N. Lacey, Ind. Eng. Chem., Ind. Ed., 31, 763 (1939). 

J ,78 . H. Mathews, J. Am. Chem. Soc., 48, 562 (1926); J. H. Mathews and P. R. 
Fehlandt, ibid., 53, 3212 (1931). 

179 J. C. Brown, J. Chem. Soc., 1903, 987. 

180 A. C. Smith, Proc. Roy. Soc. Edinburgh, 24, 450 (1903). 

181 G. N. Lewis and M. Randall, Thermodynamics and the Free Energy of Chemical 
Substances. McGraw-Hill, New York, 1923, p. 134. A. Eucken, op. cit., footnote 166, 
p. 555. 
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dP/dT = AH y ^./TAV (91) 

where AT is the increase in volume when one mole of substance is vapor¬ 
ized. At sufficiently low temperatures (low vapor pressures), the vapor 
m ay be assumed to obey the perfect gas law, and the volume of the liquid 
may be neglected in comparison with that of the vapor. Under these con¬ 
ditions equation (91) becomes: 

- d In P/d(l/T ) = A H„ p ./R (92) 

At temperatures high enough so the vapor pressure exceeds Vio to ‘A at¬ 
mosphere, equation (91) must be applied in conjunction with state data 
from which AT may be evaluated. 

It is beyond the scope of this article to consider in detail the methods 
used for determining vapor pressures. Suffice it to state that two general 
methods are available: (a) The static method consists of direct observa¬ 
tion of the pressure resulting from equilibration of liquid and vapor; as an 
example of a very careful application of this method we may cite the work 
of Osborne, Stimson, Fiock, and Ginnings. 182 (6) In the dynamic method, 
the vapor pressure is deduced from the amount of material removed by a 
known volume of an inert carrier gas at known temperature and total 
pressure. 

5. Trouton’s and Hildebrand’s Rules 

A rough approximation to the molar heat of vaporization of nonpolar liquids may 
be obtained from Trouton’s rule, 1,3 which states that, for such compounds, the en¬ 
tropy of vaporization at the normal boiling point on the absolute scale (A H vmp ./T B ) 
is approximately 21 calories per mole per degree C. The actual Trouton’s “con¬ 
stants” show a definite trend toward higher values for liquids of higher boiling point. 
Hildebrand 184 has shown that, if the comparison is made at temperatures at which 
the vapor concentrations are equal (he arbitrarily chose the value of 0.005 mole 
per liter), this trend is largely eliminated. At this vapor concentration the entropy 
of vaporization is approximately 27 calories per mole per degree C. Polar sub¬ 
stances such as ammonia and water have larger values, about 32 or 33. 

6. Heats of Adsorption 

Two distinct types of adsorption of gases on solids are recognizable. 185 
Physical or van der Waals * adsorption is the more common, and is due to the 
same general type of forces which hold molecules together in the solid and 

181 N. S. Osborne, H. F. Stimson, E. F. Fiock, and D. C. Ginnings, J. Research Natl. 
Bur. Standards, 10, 155 (1933). 

183 R. Pictet, Ann. chim. phys., 9, 180 (1876). F. Trouton, Phil. Mag., 18,54 (1884). 

i«« J. H. Hildebrand, J. Am. Chem. Soc., 37, 970 (1915). 

188 S. Glasstone, Text-book of Physical Chmiixlnj. Van Xostraud, New York, 1940, 
p. 1179. 



816 


J. M. STURTEV ANT 


Insert 

Thermocouple 
here ' 


Gas Inlet 


To Vacuum 
Pump 
-F 1 


liquid states. Activated adsorption, or chemisorption, is the result of rela¬ 
tively much stronger forces of a chemical nature between the adsorbent 

and the adsorbed molecules. Physical 
adsorption is characterized by low ac¬ 
tivation energies probably of the order 
of 1 kcal. per mole, while activated ad¬ 
sorption, like other chemical reactions, 
has activation energies of the order of 
10 to 20 kcal. per mole. It would thus 
be expected that activated absorption 
would be more important at higher tem¬ 
peratures. 

A widely accepted theory 186 of physical 
adsorption postulates that the heat 
evolution accompanying the adsorption 
is close to the bulk heat of liquefaction 
of the gas being adsorbed, except for the 
heat evolved during the formation of 
the first layer of adsorbed molecules, 
which is also assumed to be constant and 
Thermocouple to have a value somewhat larger that 
the heat of liquefaction. Direct calo¬ 
rimetric measurements 187 have given 
important confirmation to the general 
validity of these assumptions, though it 

- appears that in some cases, at least, the 

Fig. 23.—Adsorption calorimeter ^eat of adsorption of the first layer is 
of Beebe and Orfield- (D) perfo- constant but decreases as the frac- 

rated metal tube for introducing ad- . . ,* .i _ - 

sorbate; (E) metallic thermocouple tion of the surface covered by the mono- 

well; (F, F') tungsten bridges for layer increases. This indicates that the 
attaching thermocouple leads; both sur f aC e is not uniform in adsorption 

,Korrn ^ activity, the heat of adsorption being 
larger on the more active areas. 


rMetal Tubes 


Metal 

Colorimeter 


-[Adsorbent 


methods of introducing thermo¬ 
couples were found to be satisfac- 
tory. ,M 


ms. Brunaucr, 1*. H. Emmett, and E. Toller. J. Am. ChemSoc., 60. 309 (1938). 
A. B. D. Cassie. Trans. Faraday Soc., 41, 450 (1945). R. B. Anderson. J. Am. Chem. 

S0C w Biscoe, W. R. Smith, and C. B. Wendell, J. Am. Chem. Soc., 69, 

95 (1947). See also earlier papers by R. A. Beebe and his collaborators, some of which 

are listed in footnote 188. _ . a eo oioa 

R. A. Beebe, G. W. Low, and S. Goldwasscr, J. Am. Chem Soc., 58, 2196(193®. 
R. A. Beebe and H. M. Orfield, ibid., 59,1627 (1937). R. A. Beebe and a A Dowden, 
ibid., 60, 2912 (1938). It. A. Beebe and N. P. Stevens, ibid., 62, 2134 (1J40). 
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cases even at -183°, where one usually expects only physical adsorption 
to be important. From the magnitudes of the heats of ^eni.sorp.on.Us 
possible in some cases to obtain definite indications as to the nature of the 
chemical reactions taking place. The form of the tune-tempemture curve 
after admitting a sample of gas to the calorimeter can be inter P r ®J“' 
some of Beebe’s experiments, in terms of an initial very rap p y 
adsorption followed by a slow change on the surface to the activated state 

The adsorption calorimeter described by Beebe and Orfield 18 * is illus¬ 
trated in figure 23. The solid adsorbent is contained in a metal calorime¬ 
ter, in the center of which there is a perforated metal tube through which 
the adsorbate is admitted. Rapid heat distribution is accomplished by 
means of copper vanes (not shown) within the calorimeter, and by copper 
shot mixed with the adsorbent. The calorimeter temperature is measured 
by either one of two calibrated thermocouples and a sensitive galvanom¬ 
eter, the galvanometer deflection being recorded photographically as a 
function of time. The calorimeter is contained within an evacuated glass 
jacket submerged in a suitable constant-temperature bath, such as liquid 
nitrogen contained in a large Dewar flask. The heat capacity of the calori¬ 
metric system was estimated from the weight and specific heats of the ma¬ 
terials of which it is composed. 

Gregg 189 has described an apparatus which is a combined sorption bal¬ 
ance and calorimeter for measuring simultaneously adsorption isotherms 
and heats of adsorption. 

VII. HEATS OF SOLUTION, DILUTION, AND MIXING 


There is no fundamental distinction to be drawn between heats of solu¬ 
tion, dilution, and mixing. According to common usage, one speaks of 
the heat effect accompanying the solution of a solid or a gas in a liquid as a 
heat of solution, while that accompanying the solution of one pure liquid in 
another is called a heat of mixing. A heat of dilution refers to the mixing of 
a solution with the corresponding pure solvent, or to the mixing of two 
solutions containing the same components in different concentrations. A 


*“ S. J. Gregg, J. Chem. Soc., 1946, 563. 
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heat of solution, dilution, or mixing is said to be positive if heat is absorbed 
in the process. 

1. Applications 

A. HEATS OF SOLUTION 

The heat of a reaction can be evaluated from the heats of combustion of 
the reactants and products, by the application of Hess’s law (page 783). 

It can likewise be evaluated from the heats of solution of the reactants and 
of the products in some solvent in which the reactants give precisely the 
same solution as the products. Where it can be applied, this procedure is 
likely to be more satisfactory than that based on heats of combustion since 
the heat of reaction is obtained as the difference between relatively small 
heats of solution. Because of a change of the solvent by each individual 
solute, the heat effect accompanying simultaneous solution of several re¬ 
actants is not always the sum of the various individual heats of solution, 
though in most cases of dilute solutions additivity will be very nearly ful¬ 
filled. The same restriction applies also, of course, if more than one prod¬ 
uct is formed. The method under consideration is of particular value 
when direct measurements of the desired heat effect are ruled out by calo¬ 
rimetric limitations. It has been applied to several inorganic problems. 180 
Hieber and his collaborators' 81 have used it to evaluate the heats of forma¬ 
tion from their components of numerous metal complexes with amines; 
and Campbell and Campbell 192 estimated the heats of formation of various 
organic molecular compounds. 

Heats of solution are of further importance in converting the heat of a 
reaction in solution, where the heat may be more conveniently measured, to 
the heat which would be observed if the reaction took place in the absence 
of solvent. Thus Sturtevant' 93 measured the heat of mutarotation of a- 
and 0-D-glucose in aqueous solution, and employed the heats of solution of 
the two isomers to evaluate the heat of isomerization of solid a-glucose to 
solid /3-glucose. Williams' 94 determined the heats of hydrogenation of 
some substances in acetic acid and evaluated the hydrogenation heats of 
the undissolved compounds by means of the appropriate heats of solution. 

Occasionally, heats of solution have been used to evaluate the relative 

1,0 M M Popov, A. Bundel, and W. Chollcr, Z. physik. Chem., A147, 302 (1930). 
J. C. Southard, Ind. Eng. Chem., Ind. Ed., 32,442 (1940). S. G. Lipsett, F. M. G. John¬ 
son, and 0. Maas, J. Am. Chem. Soc., 50, 1030 (1928). 

m W. Hieber, el al., Z. anorg. Chem., 186, 97 (1930); Z. Elektrochem., 40, 256(1934); 
44,881 (1938); 46,556 (1940). 

191 A. N. Campbell and A. J. R. Campbell, J. Am. Chem. Soc., 62, 291 (1940). 

193 J. M. Sturtevant, J. Phys. Chem., 45, 127 (1941). 

194 R. B. Williams, J. Am. Chem. Soc., 64,1395 (1942). 
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, ieat contents of substances in solution, though heats of dilution are usu 
ally to be preferred for this purpose. 


B . HEATS OF DILUTION 

Heats of dilution are chiefly of importance in the evaluation of certain thermo¬ 
dynamic quantities relating to solutions.- If the total heat content-of. a solut °n 
containing n, moles of solvent and n, moles of solute ,s represented by then toe 
molal heat contents of the solvent and solute are defined as W, / 

and Ri = dU/br* Since it is impossible to state the absolute value of ea con¬ 
tents it is necessary to consider heat contents relative to a specified referen 
state' Thus, the partial molal heat contents of the solvent and solute at infinite 
dUution are represented by /?? and R\ and relative partial molal heat contents are 
defined*: L, = /?. - R\ and L, = R, - /??■ The relative heat content of the 

solution is given by 

L = rt\L\ + niLt 


Evidently, at infinite dilution I! = L» = L° = 0. It is convenient to define the 
apparent relative molal heat content of the solute by the equation: 

■VU = *Hi - » (L - n,Ll)/n, = L/n* (94) 

In the case of aqueous solutions, concentrations are usually expressed in molalities 
(moles of solute per 1000 grams water), represented by m. If L is the relative heat 
content of an amount of solution containing 1000 grams (55.51 moles) of water, 
then: 

L = 55.51 L, + mU (95) 


and 

4>L* » L/m (96) 

Suppose a solution of molality m, is diluted with solvent to molality m,. If A H 
is the heat absorbed in this process per mole of solute: 

A H = 2 - (S/Wmi (97) 


Successive dilutions can be carried out with decreasing values of m 7 , and finally an 
extrapolation to m 2 = 0 performed to give 

Atfm 2 -o = *Hl - = -(*««i < 98 ) 

If a theoretical relation for the slope of the A H curve at m 2 = 0 is available, such 
as that provided by the Debye-Huckel limiting slope for strong electrolytes of suf¬ 
ficiently simple valence type, this extrapolation can frequently be performed with 
considerable precision. The dilutions to intermediate concentrations can then be 
employed to establish the variation of <*>Lj with concentration up to mi. The rela- 


m G. N. Lewis and M. Randall, op. at., 131 p. 87. 
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tive partial molal heat contents can be evaluated by graphical or analytical differen¬ 
tiation : 


Lt 


dL 

dm 


<1>La + m 


di>L, 

dm 


(09) 


Li = m(4»Lj — L2)/55.51 (100) 

Similar expressions for L\ and L, in other concentration units are readily obtained. 

The method outlined here for evaluating the relative heat contents is based on 
so-called “long chord” dilutions—dilution of a small amount of solution with a rela¬ 
tively large amount of water. Young and his collaborators'* 6 have shown that the 
partial heat contents, in particular, can be more accurately evaluated by means of 
“short chord” dilutions, in which the concentration of the solute is changed only 
slightly, and have found that application of their method of calculation to much 
of the dilution data of Lange and Robinson'* 7 and their coworkers results in very 
much improved agreement of the observed limiting slopes with those predicted on 
the basis of the Debye-Hiickel theory, as compared with limiting slopes evaluated 
from the dilution data by the method outlined above. Indeed, the conformance of 
heats of dilution to the requirements of the theory has constituted one of the most 
striking confirmations of the essential validity of the theory. 

It should be noted that, in dilution experiments extending to very low concen¬ 
trations, complications may arise because of heat effects resulting from the dis¬ 
turbance of the dissociation equilibrium of the solvent.' 98 

The apparent molal heat capacity of the solute is defined as 4>Cp, =* (Cp — 55.51 
C\)/m. Partial molal heat capacities can be evaluated from 4>Cp 2 in just the same 
way as the corresponding heat contents: 




4>C Pl + m 




pt 


dm 


It can be shown that: 


and 


Cp, - <?p? = m(*Cp 2 - Cp, )/55.51 


4>C„ = ^ (*L.) 




[s <«■>] 


( 101 ) 

( 102 ) 

(103) 

(104) 


These equations allow the evaluation of apparent and partial molal heat capacities 
from heats of dilution determined at two temperatures. The heat capacities de¬ 
termined in this way w ill usually be very precise. 


196 T. F. Young and O. G. Vogel, J. Am. Chem. Soc., 54, 3030 (1932). T. F. Young 
and W. L. Groenier, ibid., 58, 187 (1936). T. F. Young and P. Seligman, ibid., 60, 2379 
(1938). 

197 E. Lange and A. L. Robinson, Chem. Revs., 9, 89 (1931). 

198 See, for example, E. Doehlemann and E. Lange, Z. physik. Chem., A170,391 (1934); 
J. M. Sturtevant, J. Am. Chem. Soc., 62,3519 (1940). 
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c. HEATS OF MIXING 

The heat of mixing two liquids is of considerable interest in connection with theo- 
r i Jof liquid mixtures. Thus Void'” found from measurements on several systems 
that tliemolal change in heat content on mixing two normal liquids to give a 
fon to whMh the mole fractions are N , and N, is rather well represented by an equa¬ 
tion based on the theory of mixtures developed by Hildebrand and Wood. 


AH 


tf,V,iV 


N,V t + 


MOW - (ITI 


N ' V>N, y*T Do (105) 


W.V, + N,v, 


In this equation, V, and V, are the molal volumes of the pure liquids, and £, and 
F° their energies of vaporization to zero pressure, respectively. In the derivation 
of equation (105), it was assumed that the volumes are additive on mixing at con¬ 
stant pressure, that the interaction between a pair of unlike molecules can be ap¬ 
proximated by the geometrical mean of the interactions between pairs of like mole¬ 
cules and that the different molecular species are randomly mixed in the solution. 
Examples will be mentioned below of systems in which these assumptions are not 
valid. However, in systems composed of molecules deviating not too much from 
spherical symmetry, and between which there are no specific chemical interactions, 
such as hydrogen bonding, equation (105) and the theory on which it is based should 
furnish a satisfactory approximation to the truth. 

The term D l2 in equation (105) is the relatively small deference between two large 
quantities, so it cannot be very accurately evaluated from experimental values of 
energies of vaporization. However, a value of Du obtained from heats of mixing 
can be employed to calculate heats of mixing at other concentrations. If A, B, and 
C are three liquids which form binary systems for which the theory holds, then 

It can be expected that, in liquid systems in which the molecules of different 
type undergo strong specific interactions, the simplifying assumptions on which 
equation (105) is based will not hold. Even in these cases, however, heats of mix¬ 
ing may be of considerable importance. Copley* 01 and others have used heats of 
mixing as an indication of complex formation as a result of hydrogen bonding. In 
cases in which extensive hydrogen bonding takes place, the maximum heat of mix¬ 
ing is 10 to 100 times as large as in the nearly ideal cases studied by Void 1 ' 9 and of 
opposite sign. The concentration ratio at which the maximum heat of mixing is 
observed can be interpreted in terms of the structure of the complexes formed. 


im R. D. Void, J. Am. Chem: Soc., 59, 1515 (1937). 

mo j. H. Hildebrand and S. E. Wood, J. Chem. Phys., 1, 817 (1933). See also G. Scat- 
chard, Trans. Faraday Soc., 33,160 (1937); G. Scatchard, S. E. Wood, and J. M. Mochel. 
J. Am. Chem. Soc., 61, 3206 (1939); 62, 712 (1940); J. Phys. Chem., 43,119 (1939). 

mi G. F. Zellhoefer and M. J. Copley, J. Am. Chem. Soc., 60, 1343 (1938); M. J. Cop¬ 
ley and C. E. Holley, ibid., 61, 1599 (1939); C. S. Marvel, M. J. Copley, and E. Gins¬ 
berg, ibid., 62, 3109 (1940); L. F. Audrieth and R. Steinman, ibid., 63, 2115 (1941) ; 
R. W. Spence, /. Phys. Chem., 45, 304 (1941). See also H. Hirobe, J. Fac. Sci. Imp. 
Univ. Tokyo, Sect. /, 1,155 (1925); D. B. McLeod and F. J. Wilson, Trans. Faraday Soc., 
31,596 (1935). 
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Thus, the maximum in the case of chloroform, or fluorodichloromcthanc, with the 
dimethyl ether of ethylene glycol comes at a mole ratio of one, indicating that one 
molecule of halide is associated with one molecule of ether. In the case of either of 
these halides with the dimethyl ether of tetracthylcne glycol, CH|0(CIIjCH a O)«- 
CHj, maximum heat evolution occurs when the mole ratio is three halide molecules 
to one ether molecule. These results indicate that only alternate oxygens in the 
ether molecules are available for hydrogen bonding, presumably because of steric 
hindrance. 


2. Mixing Devices 

A calorimeter designed for use with liquids can be applied to determin¬ 
ing heats of solution, dilution, or mixing after incorporation of a suitable 
mixing device. Various designs for such devices will be mentioned here. 
Numerous authors 202 have employed thin glass bulbs holding one of the sub¬ 
stances. The bulb is broken by various devices such as a rod extending 
down through the stirrer shaft or a set of claws which can be rotated from 
outside the calorimeter, or by being brought into contact with the rotating 
stirrer. Permanent “dilution cups” have been employed by many workers. 
White and Roberts 203 have described a device particularly suited for use 
with solids. A “boat” of Bakelite is supported from the calorimeter cover 
in a vertical position. It is covered with a thin sheet of nitrocellulose which 
is waxed on. The cover is pulled up to open the boat by means of a plati¬ 
num wire going out through the cover of the calorimeter. Pitzer 202 used a 
vertical glass tube with waxed-on closures of thin silver. A glass rod ex¬ 
tending down through the hollow stirrer shaft was used to rupture the silver 
sheets. Partington and Soper 204 employed glass pipettes closed at the 
bottom with ground-glass stoppers which could be opened by a rod extend¬ 
ing up through the elongated neck of the pipette. Lange 107 employed 
submerged metal pipettes which could be opened at both ends so that good 
circulation of the liquid in the calorimeter through the pipette would be 
insured. The design of the pipettes was such that they could be emptied, 
cleaned, and refilled without dismantling the calorimeter. The pipettes 


101 F. Barry, J. Am. Chem. Soc., 42, 1911 (1920). B. H. Carroll and J. H. Mathews, 
ibid., 46, 30 (1924). W. Hieber and A. Woeraer, Z. Eleklrochem., 40, 256 (1934). T. F. 
Young and J. S. Machin, J. Am. Chem. Soc., 58, 2254 (1936). K. S. Pitzer, ibid., 59, 
2365 (1937). H. Frahm and K. L. Wolf, Z. physik. Chem., A178, 411 (1937). C. M. 
Slansky, J. Am. Chem. Soc., 62, 2430 (1940). J. C. Southard, Ind. Eng. Chem., Ind. Ed., 
32, 442 (1940). C. J. H. Staverman-Pekelder and A. J. Staverman, Rec. trav. chim., 59, 
1081 (1940). J. B. Conn, G. B. Kistiakowsky, R. M. Roberts, and E. A. Smith, J. Am. 
Chem. Soc., 64,1747 (1942). R. B. Williams, ibid., 64,1395 (1942). 
ao > W. P. White and H. S. Roberts, J. Am. Chem. Soc., 59, 1254 (1937). 

104 J. R. Partington and W. E. Soper, Phil. Mag., 7, 209 (1929). 



XIV. CALORIMETRY 


823 


omnloved by Kistiakowsky el oZ. 202 were of a similar type. In the design of 
Young^and Machin, 20 * the pipettes were vertical silver tubes close ^ Ued 

j w ;*h waxed-on silver covers which were pulled off by wires co 
fi outsrthe calorimeter. Gucker, Pickard, and Planck- used tan- 
[alum dilution cups with ground-in closures at each end. The cups * 
opened in a very uniform way by a rather complicated lifting device s 
the heat effect accompanying this process would be sufficiently constant 
T insctt Johnson, and Maas 207 placed one of the substances to be mixed in 
a separate metal container within their calorimeter, which calorimeter was 
sitrred by being rotated about its axis; the inside container was so arranged 
that its cover fell off during the first revolution of the calorimeter Frovi- 
sion was made for catching the cover in clips so that it would be held from 
further motion inside the calorimeter. Sturtevant 208 employed a tantalum 
dilution cup fastened to the calorimeter cover. The cup contained a plati¬ 
num-iridium bellows carrying a cylindrical cutter, and was closed by gold 
foil. The cup was opened by applying about 10 pounds’ pressure of nitro¬ 
gen to the bellows through a small rubber tube attached to the cover of the 
calorimeter (see Fig. 28, page 838). This arrangement permitted open¬ 
ing of the dilution cup while the calorimeter contents were being stirred 
by oscillation of the calorimeter through 360 °. 

In any of these mixing devices, allowance must be made for the fact 
that the temperature of the contents of the mixing device will lag somewhat 
behind the temperature of the contents of the calorimeter if the temperature 
of the latter is changing. The magnitude of the necessary correction can 
be estimated by experiments in which both the mixing device and the calo¬ 
rimeter are filled with the same liquid. 

In comparatively rough work, or in experiments in which the heat of mix¬ 
ing is large, the material to be added to the calorimeter may be contained 
in a vessel outside the calorimeter proper. Thus Void 199 added one of the 
liquids to be mixed from a vacuum-jacketed flask; the temperature of this 
liquid was measured just before the addition so that a suitable correction 
could be applied if its temperature differed from that of the material in the 
calorimeter. Richards and Daniels 209 in their work on thallium amalgams 
added mercury from a water-jacketed pipette at a known temperature. 


S0 ‘ T. F. Young and J. S. Mackin, J. Am. Chem. Soc., 58, 2254 (1936). 

«o« F. T. Gucker, H. B. Pickard, and R. W. Planck, J. Am. Chem. Soc., 61, 459 (1939). 
107 S. G. Lipsett, F. M. G. Johnson, and O. Maas, J. Am. Chem. Soc., 49, 935, 1940 
(1927). 

aos j* M. Sturtevant, /. Phys. Chem., 45, 127 (1941); J. Am. Chem. Soc., 64, 762 
(1942). 

sol x. W. Richards and F. Daniels, J. Am. Chem. Soc., 41, 1732 (1919). 
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3. Corrections in Mixing Experiments 

Calorimetric experiments in which two or more substances are mixed 
within the calorimeter are carried out in much the same way as other calo¬ 
rimetric procedures, and the corrections are evaluated by similar methods 
(see Section III, page 739). Since processes of this sort are practically in¬ 
stantaneous, no especial difficulties arise. One correction, 
however, has been overlooked in some cases in which it is 
of significant magnitude. If the vapor pressures of the two 
substances to be mixed, and of the resulting mixture, are 
different, there will be some evaporation into or condensa¬ 
tion from the air spaces in the system. For example, if a 
sodium chloride solution is added to pure water, there will 
be evaporation of water into the air originally over the salt 
solution and condensation of water from the air originally 
over the water. The magnitude of this effect is diminished 
by keeping the air spaces in the calorimetric and the mixing 
device as small as possible. The appropriate correction for 
thi6 effect can be readily calculated from the vapor pressures 
and heats of vaporization of the initial and final solutions 
or liquids, and the volumes of the air spaces in the calorim¬ 
eter. 

4. Apparatus of Low or Moderate Sensitivity 

In this and the following paragraphs will be found brief 
descriptions of a few calorimeters which have been applied 
to the determination of heats of mixing, solution, or dilu¬ 
tion. Zellhoefer and Copley 201 have described a very simple 
apparatus with which relatively large heats of mixing are 
measured with an accuracy of a few per cent. A rubber- 
stoppered copper mixing vessel fitted with a hand-operated 
stirrer is almost completely immersed in a Dewar flask con¬ 
taining diethyl phthalate. Also immersed in the diethyl 
phthalate is a pipette with delivery tube bent up and passing 
through the stopper of the mixing vessel. The contents of 
the pipette are forced into the mixing vessel by compressed 
air, the temperature rise of the diethyl phthalate being measured by a 
Beckmann thermometer. A heater in the calorimeter liquid serves for de¬ 
termining the electrical energy necessary to duplicate the heat of mixing. 
A fundamental weakness of this apparatus is the “dead” heat capacity of 
the relatively large amount of calorimeter liquid. 

The simple apparatus used by Void 199 gives about the same accuracy 



Figure 24.— 
Simple calo¬ 
rimeter for 
heats of mix¬ 
ing (Void). 
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h„t with considerably smaller heats of mixing. Void's calorimeter (Fig. 24) 
tiS* Dewar flask with an evacuated ground-glay stopper earring a 
mercury-sealed stirrer, a resistance thermometer, and a heater T P 
naratus would be improved by including some mixing device, so the sec 
Hauid would not have to be added from a vessel outside the calorimeter. 
ThP Dewar calorimeter is submerged in a constant-temperature bath. 

The calorimeters described by Pitzer’” and Southard’” also consist of 
Dewa r flasks. These investigators used high-sensitivity resistance ther¬ 
mometers so that temperature measurements could be made to about 


Newman and Wells 210 developed a calorimeter consisting of a metal can 
within another water-tight can submerged in a thermostat, and also meas¬ 
ured temperatures with a precision of about 0.0001° by means of resistance 
thermometry. 


5. Apparatus of High Sensitivity 


In the measurement of the minute heat effects met with in some dilu¬ 
tion experiments, calorimeters of the greatest sensitivity are needed. These 
instruments have come to be called microcalorimeters, not because of then- 
size (they usually contain about one liter of material), but because of 
their great sensitivity. For work of this sort, the differential twin calori¬ 
metric method (pages 749 and 775) is ideally suited, since the temperature 
differences to be measured are very small. The first important differential 
calorimeter of high sensitivity was described by Nemstand Orthmann. 2 " 
These investigators employed a 100-junction thermel for measuring the 
temperature difference between the two calorimeters, and obtained a sen¬ 
sitivity of several microdegrees (1 microdegree = 10~« degree). 

The differential calorimeter has been brought to a high stage of develop¬ 
ment by Lange 197 and Gucker 206 and their collaborators. Further descrip¬ 
tion and modification of the Lange type of calorimeter is given by Gulbran- 
sen and Robinson, 212 Ronneberg, 212 and Gall. 214 Slansky 202 has modified 
the apparatus so that it can be employed in the evaluation of heats of solu¬ 
tion in nonaqueous solvents. In certain respects the calorimeter de¬ 
scribed by Gucker, Pickard, and Planck 206 is superior to that of Lange, its 
chief advantage being its wider range of applicability. 


aio E. S. Newman and L. S. Wells, J. Research Nali. Bur. Standards, 20, 825 (1938). 
See also R. D. Rowe and G. S. Parks, J. Chem. Phys., 14, 383 (1946). 

211 W. Nernstand W. Orthmann, Z. physik. Chem., 135, 199 (1928). 

2,2 E. A. Gulbransen and A. L. Robinson, J. Am. Chem. Soc., 56, 2637 (1934). 

2,2 C. E. Ronneberg, Dissertation, University of Chicago, 1935. 

2X4 J. F. Gall, Dissertation, University of Chicago, 1941. 
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In Gucker’s apparatus (Fig. 25), the calorimeters, C, of about one-liter 
capacity, are fabricated entirely of tantalum, which provides an excellent 
constructional material when strength and chemical inertness are impor¬ 
tant. The calorimeters have tightly ground-in covers of tantalum and arc 
supported by dental floss (not shown) from the cover of the submarine 
jacket, being pulled up tightly against Lucite spacers, two of which, D and 
E, are shown in the figure. Each calorimeter contains, equidistant from its 



Fig. 25.—Differential adiabatic calorimeter of Gucker, Pickard, 

and Planck. 


center, a stirrer, S, and a dilution pipette, P (capacity 60 ml.). The 
ground-in closures of the pipettes are lifted by an automatic device to in¬ 
sure that the heat effect accompanying this process is reproducible. Adia¬ 
batic conditions are maintained by a water bath, the temperature of which 
is automatically kept equal to the mean of the calorimeter temperatures by 
a photocell-galvanometer arrangement, the galvanometer of which is con¬ 
nected with the two adiabatic thermels, A, in series. The temperature 
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difference between the calorimeters is ind ‘ c *^ d ^ ^tl’hiThtSdeTSch 
constantan thermel, U, which fits snugly no athmwellm t ^ 

calorimeter, extending nearly to .Is center ^ e “^ ture diffe r- 

that this arrangement registeredto a semi- 
ence between the calonmeters. The mam therm lvanome ter 

automatic recording potentiometer 

giving a temperature sensitivity of about fne rmcrodegr P we , ded 
deflection. Each calorimeter contains an electrical heater 
to its cover. These heaters, of nearly the same 

gizcd either separately or in senes. The energy inpu i ^ ^ 
is measured in the usual way (sec page 736) Each 
tains also a small auxiliary heater energised from a separate batte^ 
These auxiliary heaters serve to balance out slight drifts in ' 

difference between the calorimeters arising from unequal stirnng P 

ration, and thereby simplify considerably the calculation of the date. 

The reader is referred to the original paper for a.detailed description of 
the method of making the actual observations of heats of *lu . . 

study of this method brings out clearly the most important advantage of 
the twin adiabatic procedure, namely, the almost complete Ration 
of the usual type of correction terms encountered in the ordinary calori- 

"?!• sensitivity of Gucker’s apparatus is only slightly lower than that 
of Lange. The heat conduction between the calonmeters is only a sma 
fraction of that in the Lange apparatus because of the relatively small 
number of junctions in the main thermel and the wide air gap between the 
calorimeters. The heat conduction between each calorimeter and the 
jacket is also only about half as large as with the unsilvered Dewar flask 
used in the Lange apparatus. It thus appears that Gucker’s calorimeter 
can be applied with greater success to the measurement of relatively large 
heat effects. The almost completely metallic construction of Gucker s 
calorimeter also makes it more suitable for observations of slow processes 
(see Section VIII, page 834). 

6. Determination of Heats of Mixing by the Flow Method 


Heats of mixing can be evaluated by the flow method. The two liquids 
to be mixed flow at constant rates into a mixing chamber which is ther¬ 
mally isolated from its surroundings. The heat of mixing is calculated 
from the temperatures of the two liquids before mixing, their rates of flow, 
and the temperature after mixing. This method has been applied by 
Pratt. 216 It is further described in Section VIII (page 832). 


F. R. Pratt, J. Franklin Inst., 185, 663 (1918). 
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VIII. HEATS OF CHEMICAL REACTIONS 

The direct measurement of the heats of chemical reactions, other than 
combustion (Section V, page 783), is a field of calorimetry which has re¬ 
ceived relatively little attention until recent years. One of the chief rea¬ 
sons for this is the difficulty of making calorimetric observations on processes 
which are not complete within a few minutes. Another reason is the fact 
that direct measurements cannot lead to significant results in cases which 
are complicated by side reactions. Furthermore, many reactions take 
place only under conditions which are outside the scope of direct calorim¬ 
etry. There are, however, many reactions which are susceptible to direct 
calorimetric observation, and the data obtained from such measurements 
are of considerable importance. We shall first point out some of the appli¬ 
cations which have been made of directly determined heats of reaction, and 
then discuss the experimental methods available for measuring these heats 
of fast and of slow processes. The methods for the indirect estimation of 
heats of reaction will be summarized in the last section. 

1. Applications 

A. HEATS OF FORMATION 

If, in a given reaction, the heats of formation of all the substances in¬ 
volved but one are known, the heat of formation of that substance can be 
calculated from the heat of reaction. In view of the great importance of 
heats of formation for the “master table of chemical thermodynamics” 2,6 
(see page 756), this constitutes a most important general application of 
reaction heats. 

B. HEATS OF HYDROGENATION 

Kistiakowsky and coworkers 517 have determined the heats of hydrogenation of 
numerous compounds. In some cases, the heats of addition of chlorine and bro¬ 
mine have also been determined. The following examples illustrate the conclusions 
that can be drawn from such measurements: (1) An evaluation of the heats of hy¬ 
drogenation of benzene, cyclohexadiene, and cyclohexane, together with estimates 
of the appropriate entropy changes, give the following free energies (at 298° K., 
1 atm.): 

Benzene( g .) + H 2 ( g .) = cyclohexadiene-l,3( g .) 

A F° = 13.6 kcal. per mole 

* 16 F. D. Rossini, Chem. Revs., 18, 233 (1936). 

1,7 J. B. Conant and G. B. Kistiakowsky, Chem. Revs., 20, 181 (1937); G.B. Kistia¬ 
kowsky, et alJ. Am. Chem. Soc., 60, 440, 2764 (1938); 61, 1868 (1939). See also R. B. 
Williams, ibid., 64, 1395 (1942). 
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Cyclohexadiene-1 ,3«j.) + H*»> = cyclohexene,,., 

A p. = -17.7 kcal. per mole 

Sffice ^ .n J. where K 

evident that cyclohexaffiene s Dot ob ^' 1 a ne , llgib le quantity of the product is 
cause the free energy to’nuke assumptions con- 

present at equilibrium It i+ tonM* ^ ^ hydrogenatlon 0 f ben- 

cerning the relative rates o 4 , vr i ft u ftxa di e ne in the reaction product. (2) 
zene to explain the absence of cy j e repulsive interactions exist 

Support was found for the conclusion sample the heat of hydrogenation 

between nonbonded atoms in a “? lc ® u1 ®’ ,. . £ le is less strained than cyclo- 

of cyclopentene would seem to indicate that th !® mo1 ". ioQ based on the tetra- 

pentane, a conclusion strikingly a.result can be 
hedral structure of the carbon •*<■». Tto appa e y befed ringSi the 

«*•,- U» rft.lt. .bfttorf b.i.g 1. gft.r.1 — r.b.ble tl»» th» 
obtained from heats of formation (page /91). 

c. HEATS OF REACTION IN CONNECTION WITH REACTION MECHANISMS 

(/) The heats of several protein reactions have been measured.’ 1 * For example. 
Conn, Gregg, Kistiakowsky, and Roberts determined the "heat of dena uration of 
pepsin by alkali as the difference between the heats absorbed when native and dc 
natured pepsins are treated with sufficient alkali to carry the pH to O where the 
denaturation is practically instantaneous. When varying initial pH values were 
used, so that the protein had already lost some of its enzymatic actmty the de¬ 
crease in the "heat of denaturation" did not follow the same course as the decrease 

in the remaining enzymatic activity. It thus appeared that ^rSuhan ^e 
urements were concerned with a different reaction caused by the affiah than WOT 
the enzymatic activity measurements. More recently, Bender and Sturtevant 
re-examined this reaction, employing the extrapolation procedure described on page 
834. When the reaction is carried out in a buffer solution at constant pH, a sma 
heat absorption takes place, and the kinetics of this small heat absorption axe the 
same as the kinetics of the loss of peptic activity. This result indicates that at 
about pH 6, with which Bender and Sturtevant worked, the heat-absorbing 
process is the same as the denaturation process, if the latter is taken to include any 

G. W. Wheland, The Theory of Resonance. Wiley, New York, 1944, p. 54. 

«i* j. B. Conn, G. B. Kistiakowsky, and R. M. Roberts, J. Am. Chem. Soc., 62, 189o 
(1940) (denaturation of hemoglobin). J. B. Conn, D. C. Gregg, G. B. Ki^iakowsky, 
and R. M. Roberts, ibid., 63, 2080 (1941) (denaturation of pepsin). W. C. Boyd ,, B 
Conn, D. C. Gregg, G. B. Kistiakowsky, and R. M. Roberts, J. Biol. Chem 139, 787 
(1941) (antibody-antigen reaction). G. Haugaard and R. M. Roberts, /. Am. Chem. 
Soc., 64, 2664 (1942) (enzymatic proteolysis). 

220 M. Bender and J. M. Sturtevant, J. Am. Chem. Soc., 69, 607 (1947). 



J. M. 8TUHTEVANT 


830 

very rapid processes, such as ionization, accompanying the primary reaction. 
The heat of the reaction is a very strong function of the pi I, approximately 
doubling between pH 6.2 and 6.4. Apparently the denaturation process itself 
changes with pH. 

(2) Dilatometric, rcfractometric, and polarimetric determinations 5 * 1 of the rate 
of the mutarotation of a- and 0-D-glucose show no observable deviations from the 
first-order rate law. From the heat evolved when a-glucose changes to the equilib¬ 
rium mixture and that absorbed when 0-glucose changes to the equilibrium mix¬ 
ture,*** one can calculate the equilibrium constant for the reaction, on the assump¬ 
tion that no other forms of the sugar are involved in the equilibrium. Measure¬ 
ments at 25° and 35° led to = 0.949, while a value of 0.984 is obtained 

by application of the van’t Hoff equation (page 844) to the A H of the reaction 
a-glucose( a q ) = 0-glucose(, q ). The difference of almost 4% is considerably larger 
than the experimental error. It is true that no account has been taken of the pos¬ 
sibility that the activity coefficient of the glucose may differ considerably from 
unity, though it seems very unlikely that either of the above ratios could be 
significantly in error from this cause. It thus appears that the discrepancy is due 
to the existence of more than two forms of glucose in the equilibrium mixture. 

D. HEATS OF NEUTRALIZATION AND IONIZATION 

The heats of ionization of electrolytes are of interest in connection with the de¬ 
tailed study of the ionization process. Thus, the value of A H for an ionization re¬ 
action can be utilized to evaluate the change of the standard free energy of ioniza¬ 
tion or of the ionization constant with temperature (see page 844). From a knowl¬ 
edge of the heat and free energy of ionization, the entropy of ionization may be 
evaluated by the relation: 

A F° = A H - T A«S° (106) 

When an aqueous solution of hydrochloric acid is mixed with a solution of sodium 
hydroxide, the resulting evolution of heat is almost entirely due to the combination 
of hydrogen and hydroxyl ions to form water. This fact is utilized in determining 
the heat of ionization of water. In order to eliminate the effects resulting from the 
presence of the other ions in addition to the hydrogen and hydroxyl ions, it is neces¬ 
sary to extrapolate the results obtained at finite concentrations to infinite dilution. 
This extrapolation can be carried out in various ways.***”*** 

The heats of ionization of glycine and alanine have been measured* 26 - ** ; by observ- 

**' C. N. Itiibcr and J. Minsaas, Ber ., 59,2266 (1926). See also F. P. Worley and J. C. 
Andrews, J. Phys. Chem., 32, 307 (1928); H. S. Isbell and W. W. Pigman, /. Research 
Natl. Bur. Standards, 18, 141 (1937). 

**' J. M. Sturtevant, J. Phys. Chem., 45, 127 (1941). 

*** T. W. Richards and L. P. Hall, J. Am. Chem. Soc., 51, 731 (1929). 

**« K. S. Pitzcr, ibid., 59, 2365 (1937). 

*“ R. II. Lambert and L. J. Gillespie, ibid., 53, 2632 (1931). 

**« J. M. Sturtevant, ibid., 63, 88 (1941). 

*** J. M. Sturtevant, ibid., 64, 762 (1942). 
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i„ B the heats of reaction of the switterions with hydrochiorie acid and sodium hy- 
droxide: 

ZH * 

(107) 


Z* + H J 
A// = -Ml a, 


Z* + OH" = ZOH- 

AH = AWx, - (108) 

where AH,„ AH„„ and AH, are, respectively, the heats of the ^t and sea)nd 
ionizations of the dibasic acid, ZH* and the heat o .on.zatmn of vaten Th 
trapolation of the data, in these cases, to infinite d,hit,on “ ' ” 

directly because of the lack of data on the heats of d.lut.on of the salUformed, 
that somewhat less satisfactory procedures were resorted to. It 18 in * rest 6 
note that data on the heats of ionization of amino acids furnish unportant confirms- 
tion of the zwitterion hypothesis. 2- 

2. Determination of the Heats of Fast Reactions 


A. STATIC METHOD 

The heat effect accompanying a reaction in a condensed phase can be de¬ 
termined by the ordinary methods of calorimetry 219 discussed in previous 
sections, provided the process is complete in a reasonably short time. The 
allowable magnitude of this period depends on several factors, such as the 
size of the heat effect, the desired accuracy, and the design of the calorim¬ 
eter, particularly with respect to heat leakage. In some cases, accurate re¬ 
sults have been obtained with reaction periods exceeding one hour. How¬ 
ever, in many cases in which reaction periods as long as this are encountered, 
it is better to employ the extrapolation procedure outlined on page 834, 
not only because calorimetric errors are thereby reduced, but also because 
the procedure enables one to separate the heat effect of the mixing process 
from that of the main reaction, and to evaluate the kinetics of the latter. 
This extrapolation procedure can be employed only in cases in which the 
kinetics of the main heat evolution (as distinguished from the heat of the 
mixing process) are known or can be deduced from the experimental data. 

Examples of the application of the static method are furnished by the 
neutralization reactions mentioned above. 

Conn, Kistiakowsky, and Roberts 219 * 230 have described a calorimeter 

»» D. I. Hitchcock, in C. L. Schmidt, Chemistry of the Amino Acids and Proteins, C. 
C. Thomas, Springfield, Ill., 1938, p 615. 

in s ee , for example, W. Swietoslawski, Microcalorimelry, Reinhold, New York, 1946; 
F. O. Rice and J. Greenberg, J. Am. Chem. Soc., 56,2268 (1934) (reaction of ketene with 
alkali and alcohols); various references given earlier in this section. 

150 See also J. B. Conn, G. B. Kistiakowsky, R. M. Roberts, and E A. Smith, J. Am. 
Chem. Soc., 64, 1747 (1942) (hydrolysis of acid anhydrides). 
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specifically designed for liquid phase reactions, which has been successfully 
employed in cases in which the reaction period is as long as one hour. This 
apparatus is of the twin adiabatic type (page 749), though in the measure¬ 
ments so far reported it has been used as a single calorimeter, with the tare 
calorimeter simply supplying a fixed reference temperature. The design of 
the calorimeters is indicated in figure 26. A cylindrical gold can, A, of 
about 900-milliliters volume, is closed by a tightly fitting cover, B, a rub¬ 
ber gasket being used. The cover carries three wells (two of which are 
not shown) for a heater, an adiabatic thermel (20 junctions) between 
the calorimeter and the thermostat bath surrounding the submarine 
k jacket, J , and the main thermel (50 junctions, 

rlOL in well C) which measures the temperature dif¬ 

ference between the calorimeters. Each calorim¬ 
eter is also equipped with an oil-sealed stirrer, D, 
and a mixing pipette, E. The design of the latter 

_ — is such that either the calorimeter or pipette, or 

both, can be emptied and refilled without dis- 
i mantling the apparatus. 

An unusual feature of this apparatus is the sup¬ 
port of the calorimeters in completely independent 
jackets submerged in the bath. This arrange¬ 
ment insures that the temperature of one calorim¬ 
eter is not affected by that of the other. The 
temperature of the outer bath can be held con¬ 
stant, or made to follow closely the temperature 
of either calorimeter by means of an automatic 
control. The independent support of the two 
calorimeters necessitates an unusually long main 
thermel, the resistance of which is kept low by 



Fig. 26.—Liquid-phase 
calorimeter of Kistiakow- 
sky and coworkers. 


using relatively heavy wires in the middle portion of the thermel in the 
outer bath. 


B. FLOW METHOD 

Flow calorimetry has been used in the determination of the heats of fast 
reactions. The chief limitation of the method is that it requires rela¬ 
tively large amounts of the reacting solutions. Keyes, Gillespie, and Mit- 
sukuri 231 employed a vacuum-jacketed glass calorimeter equipped with 
mixing baffles. The temperature of the solution after reaction was meas¬ 
ured by a resistance thermometer. As with the Scheel and House (page 

* J > F. G. Keyes, L. J. Gillespie, and S. Mitsukuri, J. Am. Chem. Soc., 44, 707 (1922). 
See also L. J. Gillespie, R. H. Lambert, and J. A. Gibson, ibid., 52, 3806 (1930). 
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764) apparatus for toTht £2 

rcT=£ n = t eS heat 
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^—S“" *KS5 ”»™«- ■*> —■ 



Fig. 27.—Mixing device, flow method for calorimetry of fast reactions (LaMer 
and Head). Left, view of rear face of plate; right, cross section of mixing device 


and reaction tube. 

ity are very rapidly mixed and then flow through an observation tube 
which is fitted with thermocouples at appropriate intervals. This method 
has been developed largely by Roughton and his collaborators” 2 and by 
LaMer and Read. 2 ” Particular attention must be given to the very rapid 
mixing of the solutions. The mixing device employed by LaMer and 
Read is shown in figure 27. One of the solutions enters through tubes G 
and G', and is led through holes K into jets leading tangentially into the 
mixing chamber. The other solution enters through tubes H and N', and 
is led into jets alternating with those for the first solution. The swirling 

212 H. Hartridge and F. J. W. Roughton, Proc. Cambridge Phil. Soc., 22, 426 (1925); 
23, 450 (1926). F. J. W. Roughton, Proc. Roy. Soc. London, A126, 439, 470 (1930); 
J. Am. Chem. Soc., 63,2930 (1941). J. B. Bateman and F. J. W. Roughton, Biochem. J., 
29, 2622 (1935). 

231 V. K. LaMer and C. L. Read, J. Am. Chem. Soc., 52, 3098 (1930). 
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motion thus imparted to the liquids in the mixing chamber results in rapid 
mixing. From the mixing chamber the solution passes into the hard rub¬ 
ber observation tube, M, of 6.35-millimeter bore, into which thermo¬ 
couple junctions N are inserted at intervals. Experiments with a rate of 
flow of 100 centimeters per second in the observation tube indicated that 
mixing was complete by the time the solution reached the first thermo¬ 
couple, that is, in less than 0.002 second. Indication of considerably higher 
rates of mixing has been obtained by Roughton in some forms of his ap¬ 
paratus. The results obtained have demonstrated that, at the higher 
rates of flow used in these experiments, the heat loss to the surroundings is 
negligible. 

3. Determination of the Heats of Slow Processes 234 

We shall include in our discussion processes the calorimetric observation of 
which requires measurements extending over relatively long periods of 
time. Thus, the catalytic hydrogenation of a gaseous olefin (page 828), 
even though it may be a rapid chemical reaction, requires more or less ex¬ 
tended observations because of the necessity of passing a sufficient amount 
of the reacting gases over the catalyst to obtain an accurately measurable 
temperature rise. 

A. EXTRAPOLATION METHOD 

With a few exceptions, 2, ®» 235 the direct calorimetric determinations of 
heats of reaction have been confined to reactions which are essentially 
complete in less than one hour. This limitation is because of the difficulty 
of holding the calorimetric errors sufficiently low even when the adiabatic 
method is employed. The rate of heat evolution or absorption accompany¬ 
ing a chemical reaction falls off with the time. Thus, in the case of a first- 
order reaction having a half-time of 30 minutes, the reaction is 75% com¬ 
plete after one hour, 93.8% after two hours, 98.4% after three hours, and 
99.6% after four hours. If one attempted to measure directly the total 
heat effect of the reaction with an accuracy of 0.5%, one would have to 
continue observations for at least four hours after mixing. In the last 
three hours, during which approximately 75% of the calorimetric error is 
introduced, only 25% of the heat effect of the reaction itself would be ob¬ 
tained. Furthermore, the transition, at the completion of the reaction, to 
a linear temperature change due only to stirring and thermal leakage would 
be so gradual that any of the usual methods (Section III, page 739 et seq.) 

iu W. Swietoslawski, Microcaloriinetry. Rein hold, New York, 1946. 

* 3S See, for example, W. Swietoslawski and A. Dorabialska, Compt. rend., 185, 737 
(1927); O. Meyerhof el ol., Biochem. Z., 236, 326 (1931); 281, 292 (1935); 289, 87 
(1937); P. Ohlmeyer, Z. Naturforschung, 1, 30 (1946). 
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for evaluating the stirring and thermal leakage corrections would be very 

lemperature does “ ot lag 7Z 

XZStfZ -n^ 

./• even necessary to stir the calorimeter after the initial mixing p 

I".t»““h7=x U .p.l»«»n n»y b, c.m.d o«, fo, 

first- 237 and second-order 233 reactions. Similar procedures can be de 
veloned which will apply to other types of reactions. 

The principle of the extrapolation method is that calonmetnc measure^ 
ments are confined to the period between the completion of the mixi g 
process and the point of approximately 75% completion of the reaction 
From these data a value for the rate constant of the process is calculated 
which then allows extrapolation of the temperature observations back to 
the instant of mixing and forward to the completion of the reaction (infinite 
time). The stirring and thermal-leakage corrections can be evaluated 
from a rating period run several half-times after the start of the reaction. 
In the case of a first-order reaction having a half-time of 30 minutes, the 
observations during the reaction period need to extend over only one hour 
or even less. No further observations are needed until the final rating 
period, which could safely be started five or six hours after mixing, and 
which should be of approximately the same length as the reaction period. 
It is evident that, in experiments of this type, the adiabatic method (pref¬ 
erably with automatic adiabatic control) should always be employed, so 
that variations in the leakage modulus of the calorimeter will not cause 
serious errors (see page 747). 

First-Order Reactions.—Readings of the calorimeter temperature 
(which may be expressed in microvolts or ohms) are taken at times t lf W - 
tl + At, and t» - ti + 2 At after the start of the reaction. Suppose these 
readings, after application of any corrections, are mi, M*, M3- It has been 
shown by Roseveare 239 that, for a first-order reaction: 


«a« See the discussion of thermometer lag by D. R. Harper, Natl. Bur. Standards 
(U. S.), Bull. 8,659 (1912). Among other things, it is shown by Harper that the lag of a 
critically damped galvanometer behind an e. m. f. changing linearly with time is inde¬ 
pendent of the rate of change of the e. m. f. 

* 37 J. M. Sturtevant, J. Am. Chem. Soc., 59, 1528 (1937). 

238 J. M. Sturtevant, J. Am. Chem. Soc., 64, 77 (1942). 

239 W. E. Roseveare, J. Am. Chem. Soc., 53, 1651 (1931). 
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Ml ~ M2 
M2 — Ml 


Further calculation leads to the result: 


mo — m» 


(mi - M 2 ) (m 2 - Ml) / Ml - M2 V ,/A< 

Mi + M3 — 2 M2 \M2 — Ma/ 


(109) 


( 110 ) 


where mo — m® is the total temperature change for the reaction. The ac¬ 
curacy of no — m® is highest when Af is about 0.7 or 0.8 times the half¬ 
period of the reaction and ti is about 0.5 or 0.6 times A*. Several sets of 
three readings should be taken. If the reaction rate has a high temperature 
coefficient and the observations extend over a considerable temperature 
range, the above expressions must be modified 237 to allow for the variation 
of k. The value of m® is calculated by means of the relation: 

. MiMa ~ M2 2 
Ml + M3 “ 2 m2 


( 111 ) 


so that one can readily evaluate mo- If the (corrected) temperature of the 
calorimeter just before the reactants are mixed is mo> the temperature 
change due to the mixing process is given by mo — Mo- It is, of course, as¬ 
sumed that the heat capacity of the reacting system remains constant 
during the reaction. This is probably a valid assumption in the case of 
dilute solutions; in any event, the validity of this assumption can be tested 
by determining the heat of the reaction at two different temperatures, and 
employing the relation: 



( 112 ) 


where A C p is the difference between the sum of the partial molal heat ca¬ 
pacities of the products and that of the reactants. 

In the above development it has been assumed that the mixing process 
is complete in an interval of time short in comparison with the half-time 
of the reaction under investigation. Barry 240 has considered the case 
in which this condition is not fulfilled, and has described an extrapolation 
procedure which can be applied in such cases, providing the mixing process 
follows an exponential course the rate of which can be approximately de¬ 
termined. 

Second-Order Reactions.—In the case of a second-order irreversible 
reaction, the kinetic equation is: 


kt = 



B(A - Y) 
A(B — Y) 


(113) 


240 F. Barry, J. Am. Chem. Soc., 42,1296,1911 (1920). 
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where A ^ B are the in 

concentration at time t 
amount. Application 241 
following results: 

B _ a(u* - in) - (mi ~ ml ) <*/./* (114) 

A (tit - tit) - «0*i “ M2 ' 

M3 (mi — M*) - <*tii(tit - Ml) (115) 

_ (mi - Ml) “ "(*** ^ 

A I~ m.(w - w) - <W». - w) - f . 1 (116) 

Mo “ - 4 _ & L (m» " M») •“ *0** “ ^ 2 ' J 


t.hP methods of projective geometry leads to 


(A - B) At 


In 


a 


(117) 


In these equations and « are (corrected) temperature readings at 

times fc, 1, = 1, + At, and (s = (, + 2Ai after the instant of mixing. The 
quantity a may be calculated from equation (114) by successive ap¬ 
proximations, and then used to evaluate m-. « **» an<1 y f| 

(1 Onc of the most important advantages of these extrapolation procedures 
is the possibility of a direct comparison of the kinetics of the heat absorption 
or evolution with the kinetics, determined in some other manner, ol tne 
reaction to be expected in the system under study. In this way, it becomes 
possible to gain a more definite idea of the nature of the process the heat 
effect of which is being measured. This point has been illustrated above 
in connection with the denaturation of pepsin (page 829). 

Surprisingly few examples are to be found in the literature of the app 1 - 
cation of the above or equivalent procedures. Several papers 2 '- have re¬ 
ported calorimetric measurements in which the necessary information re¬ 
garding the extent of the reaction was obtained from analytical determina¬ 
tions, or from rate constants measured by ordinary methods outside the 
calorimeter. Duclaux 243 showed that satisfactory rate constants for 
several reactions could be derived from calorimetric observations, but he 
made no attempt to evaluate the heats of these reactions from his data. 
Barry 240 apparently was the first to determine both rates and heats from 


*'i J. M. Sturtevant, J. Am. Chem. Soc., 59, 699 (1937). 

t« H. T. Brown and S. V. Pickering, /. Chem. Soc., 1897, 756, 783. A. Tian, Bull. soc. 
chim., 33, 427 (1923); /. chim. phys., 30, 665 (1933). Bfrenger-Calvet, ibid., 24, 325 
(1927). E. Calvet, ibid., 30, 1, 140, 198 (1933). E. D. Coon and F. Daniels, J. Phys. 

Chem., 37,1 (1933). „ 4 oa 

J. Duclaux, Compt. rend., 146, 120 (1908). W. Tschelinzew, Chem. Zenlr., 83, II, 

1899 (1912). 
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the same data. His careful and thorough work dealt with the inversion of 
sucrose, and he obtained results which have since been confirmed. 237 Re¬ 
cently Batalin and Shcherbakov 24 * and Wolf and Merkel 245 obtained mod¬ 
erately precise rate constants and heats of reaction from calorimetric meas¬ 
urements. 

Tong and Kenyon 246 have made calorimetric measurements on polymeri¬ 
zation reactions which gave kinetic as well as thermal data. However, 
these reactions do not follow simple kinetic laws so that the extrapolation 
procedure could not be applied. The work of Tong and Kenyon is further 
discussed on page 841. 



Fig. 28.—Calorimeter for slow liquid-phase processes (Sturtevant). 


Sturtevant 220 * 226> 227, 237 - 2M has investigated several reactions, employing 
the extrapolation method. The calorimeter used in the more recent work 
is illustrated in figure 28. The calorimeter can, D , constructed of tanta¬ 
lum, is supported by dental floss in an aluminum adiabatic jacket, G, which 
is in turn contained in a cast aluminum submarine, L, completely sub¬ 
merged in a constant-temperature bath of transformer oil. The calorim¬ 
eter is closed by a tantalum cover, a tight seal being effected by a rubber 
gasket. The cover carries a tantalum dilution cup, B , the action of which 
has been described on page 823. 

The temperature of the calorimeter is measured by a 30-junction thermel 
the “cold” junctions of which are contained in a lagged copper cylinder, J, 

u* A. K. Batalin and I. A. Shcherbakov, J. Gen. Chem. U.S.S.R., 10, 730 (1940). 
ui K. L. Wolf and K. Merkel, Z. physik. Chem., A187, 61 (1940). 
sw L. K. J. Tong and W. O. Kenyon, J. Am. Chem. Soc., 67, 1278 (1945); 68. 1355 
(1946). 
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in the form of thm ribbon and are .J*«bulUjd erature difference be- 

the iacket junctions of which are distributed over the inside surfa 
M The e. m. f. of this thermel is used to control the electrical heat 

input to the jacket by means of a galvanometer-photocell arrangement^ 

Electrical calibration of the calorimeter is accomplished by a " 
tained in a well (not shown) in the bottom of the calorimeter. Stn-rmg 
of the contents of the calorimeter is accomplished by rotating the sub 
marine back and forth through 360° about five times per minute, the rocK- 
ing mechanism being driven by a synchronous motor and connected tote 
submarine by a chain-and-sprocket drive. This type of stirring is y 
effective, and is accompanied by a relatively small heat effect. It has the 
disadvantage that the thermel wires cutting the earth’s magnetic field give 
rise to galvanometer deflections which are very difficult to remove com¬ 
pletely by compensating coils. Because of this, precise temperature meas- 
urements are made only while the calorimeter is not being rocked. 

This calorimeter has been used with reactions having half-times as short 
as three minutes. With a sufficiently large heat effect, there should be no 
difficulty in studying reactions requiring several hours to reach half com¬ 
pletion. Satisfactory results have been obtained in cases in which the total 
temperature change was less than 0.001°, though in such a case the half¬ 
time should not exceed 20 or 30 minutes. 


B. ORDINARY METHOD 

By the term “ordinary method'* is meant the usual procedure of extend¬ 
ing the calorimetric measurements until the evolution or absorption of heat 
is essentially complete. The measurements themselves may be carried out 
by the adiabatic method or the method of constant jacket temperature. 

Gas Phase Reactions.—An important gas phase reaction, the combus¬ 
tion of volatile substances, has been discussed in Section V, page 799. 

Kistiakowsky and coworkers, 2,7 in their investigation of the heats of hy¬ 
drogenation and halogenation of unsaturated substances in the vapor state, 
used a method 248 designed to minimize systematic errors resulting from 
adsorption effects and side reactions. A mixture of excess hydrogen and 
substance to be reduced is led under atmospheric pressure at a precisely con¬ 
trolled rate into A, a glass catalyst chamber (Fig. 29), where the reduction 


* 47 J. M. Sturtevant, J. Am. Chem. Soc., 64, 762 (1942). 

G. B. Kistiakowsky, H. Romeyn, J. R. Ruhoff, H. A. Smith, and W. E. Vaughan, 
J. Am. Chem. Soc., 57, 65 (1935). 
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takes place and the reaction products are brought into thermal equilibrium 
with the calorimeter fluid by passage through a glass spiral, C. The prod¬ 
ucts are then led out of the calorimeter, and are burned in an excess of oxy¬ 
gen; the carbon dioxide thus formed is absorbed in Ascarite, and serves 
as a measure of the amount of substance reduced. In some cases, copper 
is used as catalyst; other compounds require a platinum or a cobalt- 
nickel catalyst. 

The catalyst chamber is contained in a calorimeter of more or less con¬ 
ventional design, diethylene glycol being employed as 
1 | the calorimeter liquid so measurements can be made 

at temperatures as high as 150°. The calorimeter is 
suspended in a submarine jacket in a bath the temper¬ 
ature of which is automatically held close to that of 
the calorimeter, the adiabatic control being governed 
by a 12-junction thermel. The temperature of the 
calorimeter is measured by a 16-junction thermel, the 
reference temperature, supplied by a well-lagged “cold 
calorimeter” (see page 24), being close to that of the 
calorimeter. 

The reduction is allowed to proceed until the tem¬ 
perature of the calorimeter rises at a constant rate. The 
reduction products are then burned and the carbon 
dioxide collected without any disturbance to the steady 
state of the calorimetric system until a sufficient tem¬ 
perature rise has been obtained. The energy equiva¬ 
lent of the calorimeter is determined, with hydrogen 
Fig. 29.—CaU- flowing through the catalyst chamber, in the usual way 
lyst Chamber for by means 0 f an electrical heater. The completeness of 
heats of hydrogena- ^ reductions and t h e absence of side reactions were 

and coworkers* > carefully investigated. The completeness of reduction 

was most convincingly shown by passing the reaction 
mixture first through a duplicate catalyst chamber outside the calorimeter 
and then through the chamber in the calorimeter; in such experiments, 
there was no observable heat effect produced in the calorimeter. The 
method has been developed to the point at which the factor most important 
in limitirfg the accuracy is the purity of the reactants. The reproducibility 

of the calorimetric measurements was usually of the order of ±0.1%. 

In the determination of the heats of addition of chlorine and bromine to 
some gaseous olefins, 249 the catalyst was calcium chloride or calcium bro¬ 
mide, and the amount of the reaction was determined by burning the gas 
*«» J. B. Conn, G. B. Kistiakowsky, and E. A. Smith, J. Am. Chem. Soc., 60, 2764 
(1938). 
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SS5 j » KtTple.., .»d i™. »y contamination 

by i5T^ Reactions. WiHiams 110 

hydrogenation of some unsaturated compounds in the q P 
the calorimeter illustrated in figure 30. Lister 
employed the same apparatus after some modi¬ 
fication, to determine the heats of addition of 
bromine 262 to some cyclic olefins in carbon tetra¬ 
chloride solution. Williams’ calorimeter is a 
spherical Dewar flask, of about 500-milliliter 
capacity, with two necks. The smaller neck 
carries the resistance thermometer used in meas¬ 
uring the calorimeter temperature, while the 
other one ends in a ground joint. A brass head 
fits over this joint, and carries the shaft of the 
propeller stirrer, an electric heater, a gas inlet, 
and a device for holding and breaking the am¬ 
poules which contain the substance to be hy¬ 
drogenated. The calorimeter is so supported by 
the side arms on the brass head that it can be 
shaken by means of an eccentric driven by asyn¬ 
chronous motor, in order to insure sufficiently 
rapid hydrogenation. The calorimeter is im¬ 
mersed almost up to the ground joint in a con¬ 
stant-temperature water bath. Williams found 
that results having a precision of about 0.5% 
could be obtained with this apparatus. 

Tong and Kenyon 246 have reported measure¬ 
ments of the heats of polymerization of various 
esters of methylacrylic acid at catalyst (benzoyl 

peroxide) concentrations and temperatuies which genation of i iquids (Wil- 

gave substantially complete reaction within time | iams ) 
intervals of less than 0 hours. They developed 

for these measurements a calorimeter similar to that employed by Mathews 



mo r. B. Williams, J. Am. Chem. Soc., 64, 1395 (1942). See also H. E. Bent, G. R. 
Cuthbertson, M. Dorfman, and R. E. Leary, ibid., 58, 165 (1936); B. L. Crawford and 
G. S. Parks, ibid., 58, 373 (1936). 
mi M. W. Lister, /. Am. Chem. Soc., 63, 143 (1941). 

mi Measurements of this same sort were reported by W. Louguinine, Compt. rend. t 150, 
915 (1910). 
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and Fehlandt (p. 814) for determination of heats of vaporization. The re¬ 
acting sample is contained in a sealed glass tube which is immersed in a 
heat-exchange liquid, such as carbon tetrachloride or toluene, in a small 
Dewar flask supported from one arm of a balance. The Dewar flask and its 
contents are held at the boiling temperature of the heat-exchange liquid by 
being bathed in vapor from a separate boiler. Evolution of heat from the 
reacting system causes vaporization of heat-exchange liquid within the 
Dewar flask and a corresponding loss of weight. A precision of the order 
of 2% is obtained if the reacting system (about 12-15 ml. of reactants can 
be accommodated) evolves 0.25 to 1 kilocalorie in an interval of 0.5 to 6 
hours. It would appear that this equipment should also be able to handle 
reactions absorbing heat. 

Heat-Flow Method.—The heats of slow processes, including those 
having small heat effects, can be measured by the so-called heatrflow 
method. 253 The calorimeter is supported within a constant-temperature 
jacket. A multijunction thermel measures the temperature difference be¬ 
tween the inside surface of the jacket and the outside surface of the calo¬ 
rimeter. The heat exchange between the calorimeter and the jacket 
should, in most cases, be more rapid than with the usual types of calorim¬ 
eters. The optimum rate for this exchange depends on the magnitude 
and the kinetics of the heat change.to be measured. The calorimeter itself 
can usually be made considerably smaller than is practicable in other 
calorimetric procedures. The measurement consists in observing the 
calorimeter-jacket temperature difference as a function of time. If the 
heat exchange follows Newton’s cooling law, the rate of gain of heat by the 
calorimeter from the jacket is: 

dq/dt = K(T t - T) (118) 

where T, and T are, respectively, the temperatures of the jacket and the 
calorimeter. It is evident that the total heat absorbed by the calorimeter 
between times t\ and t* is: 

A? = * f[' (T t - T)dt (119) 

where the integration will usually be performed graphically. If T s - T = 0 
at h and at the heat of the process occurring between these two times is 
equal to A q. If T, — T = 0 at <i but is different from zero at fe, account 
must be taken of the heat capacity of the calorimeter and its contents. If 
this quantity is represented by C, the heat of the process is given by A q + 
C(T,-T 2 ). 

151 W. Swietoslawski and J. Salcewicz, Compt. rend., 199, 935 (1934); R. Sandri, 
Monatsh., 68, 415 (1936). J. L. Magee and F. Daniels, J. Am. Chem. Soc. t 62, 2825 
( 1940 ), have employed this method with their calorimeter designed for photochemical 
reactions. 
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stancy of the leakage modu us simple treatment given above 

tiating the reaction m the ca, °^ within the calo- 

-r. h °s szzztssr* -si- —*« - 

periods several days in length. 

4. Indirect Determination of Heats of Reaction 

A. FROM CALORIMETRIC DATA 

Heats of 

- -- 

■a is tzsL. < r wg .r ~g-. 

For example, the hydrogenation data of Kist.akowsky el cd for butene 1 
and ei's-butene-2 give a value for the heat of isomerization of butene-1 
to m-butene-2 of -1.77 kcal. per mole. It is interesting to note that thu 
difference is about 6% of either heat of hydrogenation, while it is only 0.3% 
of either heat of combustion. 


B. FROM OTHER THERMODYNAMIC DATA 

The heat of a reaction can be evaluated from other thermodynamic data in sev¬ 
eral ways. If the free energy and entropy changes accompanying an isothermal 
process are known, the change in heat content is given by the following funda- 
mental relation: 


AH - AF + T AS 


( 120 ) 


If this expression is differentiated with respect to temperature, and use is made of 


the relations :* s ‘ 

ea- 

(121) 

it follows that: 




/dAF\ A F — A H 

\dT), T 

(122) 


Here, the subscript p means that the pressure on each substance is to be the same 
whether we are working at one temperature or another; the process under consider- 

is« G. N. Lewis and M. Randall, Thermodynamics and the Free Energy of Chemical 
Substances. McGraw-Hill, New York, 1923, pp. 57, 132, 172. 
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ation is not necessarily one which takes place at constant pressure. Thus, if the 
process is A f= B, and the pressure on substance A is one atmosphere and that on 
substance B is ten atmospheres at one temperature, these same pressures must bo 
used at other temperatures. From equation (122) it is readily found that: 


d(A F/T) 

aa/7 1 ) 


AH 


(123) 


This equation provides a method for evaluating heats of reaction from free energy 
data alone. In the case of a reversible reaction, the free energy change accompany¬ 
ing the process with all reactants and products in their standard states, that is, the 
standard free energy change, can be determined from the equilibrium constant: 

AF° = -RT\nK (124) 


Substitution of this relation in equation (123) gives the familiar van’t Hoff equation: 


d In K AH 

5 ( 175 *) r 


(125) 


or 

5 In K AH 

bT ~ RT* ( 126) 


The AH value obtained from equilibrium data is of course the standard change in 
heat content. 

An important method for determining heats of reaction is based on the observa¬ 
tion of the e. m. f. of a reversible galvanic cell. According to the Gibbs-Helmholtz 
equation: 

— = T — — E (127) 

NF 1 dT * 


In this equation, F is the Faraday equivalent, N is the number of Faraday equiva¬ 
lents passing through the cell when the cell reaction takes place, AH is the heat of 
this reaction, and E is the reversible electromotive force of the cell. Numerous il¬ 
lustrations of the application of this method will be found in the literature. 265 


Note 

The author wishes to acknowledge his great indebtedness to Dr. F. D. Rossini, of 
the National Bureau of Standards, and to Dr. E. L. Skau, of the Southern Regional Re¬ 
search Laboratory of the Department of Agriculture, who have kindly offered their 
criticisms on parts of the manuscript, and particularly U> Dr. S. E. Wood, of Illinois 
Institute of Technology, who has read over the entire manuscript and made numerous 
helpful suggestions. 

266 See especially H. S. Harned and B. B. Owen, Physical Chemistry of Electrolytic 
Solutions. Reinhold, New York, 1943. 
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I. INTRODUCTION 

mzmmmi 

Of techniques must be used. Exam.nat.on by t^sm.tted l.^tjs useful 

from the lowest to the highest magnificat,on m the study ^^Tfnve- 
icets having either spectral absorption or an appreciable difference m re 

2. to that of th, ™toing m«,to nc.dent 
is treated under three subheadings: spot lamps used for general ow-power 
examination of unmounted objects; concentnc opaque dlummators wh ch 
provide greater control of lighting for low-power work and m add.t.on 
render medium- and high-power observation of dry, water-immersed, a 
oil-immersed objects possible; and vertical il'ummators which are used 
for the examination of reflecting surfaces. Dark-field and ultramicroscop.c 
methods are of particular value for the study of structure and particles 
below the limit of resolving power of the microscope by virtue of the fact 
that any object, no matter how small, that becomes opt.cally self-lummous 
by refracting, diffracting, or reflecting light can be observed against a dark 
field. Phase-contrast microscopy is a special refinement of observation by 
transmitted light which is proving useful in the study of objects having on y 
very small refractive-index differences. It enhances image contrast with¬ 
out loss of resolving power. . , 

Fluorescence microscopy has found its principal application in the study 
of biological materials possessing either natural fluorescence or fluorescence 
imparted by a suitable staining technique. Work with the short ultra¬ 
violet was formerly of principal interest as a means of increasing the resolv¬ 
ing power of the microscope; now the emphasis is on the study of selective 
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absorption by cell components. Interference microscopy and infrared 
microscopy are two relatively unexplored fields. Photomicrography plays 
an important part in the microscopical study of form and structure as it 
makes possible the simultaneous comparison of selected features of a num¬ 
ber of specimens. Equipment for photomicrography ranges from very 
elaborate photomicrographic cameras with built-in multipurpose micro¬ 
scope systems mounted on special optical benches, to relatively simple 
equipment. The methods and aims of the specialist in photomicrography, 
and of the research worker who needs to make an occasional permanent 
record of some special aspect of a preparation, are different. The remarks 
on photomicrography are intended for this second purpose. 

The section of this chapter which deals with crystallographic microscopy 
was planned to help the chemical microscopist who assists the organic chem¬ 
ist in the characterization and identification of organic substances. The 
objects of crystallographic microscopy are two; first, to record and clas¬ 
sify optical data of pure organic compounds so that other workers will 
be able to identify them by their optical properties, various physical prop¬ 
erties, and such analytical data as are obtainable from the size of sample 
available; and second, to be able to identify an unknown crystal as one 
of a limited number of “possibles” by a rapid technique. There is little 
hope that compilations of optical data of organic compounds will ever be 
so near completion that optical data alone will serve as a means of positive 
identification, since the number of known organic compounds is increasing 
at an ever-increasing rate, whereas chemists with sufficient optical experi¬ 
ence to guarantee the reliability of their determinations of optical constants 
are not often able to devote their time to this task. However, the second 
object of crystallographic microscopy can often be of service in the organic 
laboratory by enabling the chemist to check the purity of a compound, to 
follow the course of a reaction, and to check on identifications made by 
other means. The study of thermal phenomena under the microscope will 
often explain apparently discordant results by revealing an unsuspected 
polymorphism, dynamic isomerism, or loss of solvent of crystallization. 
The optical properties of crystals of organic compounds vary more, as 
a function of wave length, than those of the majority of minerals and 
inorganic crystals. This is particularly true of aromatic compounds in 
general, and is the reason why the author has devoted special attention to 
optical dispersion and to the optical properties of absorbing crystals. 

The fourth section of the chapter is a condensed account of electron- 
microscopic techniques. Although there is still an occasional doubt as to 
the relationship between an electron microgram and the appearance of the 
specimen before it was subjected to dehydration and intense electron bom¬ 
bardment, the newer replica and metal-shadowing techniques have largely 
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further advantage of 1 “ cre f smg th ^tension of the field of usefulness 
jects of low density, whereby ^ achieved . The electron microscope 

does' 'not. 6 render 11 the ligh t microscope obsolete: each instrument has its 

own field of usefulness. 


1 . 


II. GENERAL MICROSCOPY 
The Microscope. Principle and Types 


The compound microscope, usually caUeda £ 

unaided eye when the object is 250 mm. away, is given by the formula. 

M = 250// 

where / is the focal length of the magnifier in millimeters. The figure of 
250 mm. was arbitrarily chosen long ago as being the normal ^ 
close vision. The flatness of field and spherical and chromatic aberrations 
Simple magnifier can be vastly improved by -nstructmg it from cropl¬ 
and flint-glass components having appropriate radii of curvature, but 
serious objection is not removed: both magnifier and specimen must still 
be held inconveniently close to the eye of the observer. In any case, the 
simple magnifier is useful for low magnifications only, the uppei useful 

limit being about 20 X. _ , . .. .. i 

The microscope has a corrected lens system called the objeclwe, which 
projects a real, inverted, and magnified image of the object. This image is 
further magnified by the eyepiece lens system, a virtual and inverted image 
being seen by the observer. The objective and eyepiece are supported 
in optical alignment and at a constant distance from each other by the 
body tube of the microscope. The object to be viewed under magnification 
is supported on a stage which has an aperture through which light is ad¬ 
mitted to it. Focusing of the image is accomplished by moving the body 
tube up and down with respect to the object stage. The coarse adjustment 
is usually a rack and pinion mechanism, a complete rotation of the coarse 
adjustment head moving the body from 18 to 24 millimeters, depending on 
the make of the microscope. The fine adjustment is an arrangement of 
screws and levers, cams, inclined planes, or the like which imparts a very 
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slow movement to the body, usually one complete rotation of the fine ad¬ 
justment head moving the body 0.1 millimeter. In order to gain resolving 
power and freedom from diffraction effects it is necessary to illuminate the 
object with a cone of light comparable with the collecting power of the 
objective. This is accomplished by a third lens system known as the 
substage condenser, which causes a beam of light reflected in the appro¬ 
priate direction by the microscope mirror to converge on the object. The 
substage condenser must be equipped with some means of regulating the 
angle of the illuminating cone, since microscope objectives in general, and 
high-power dry ones in particular, will only give a reasonable measure of 
freedom from flare when the angle of the illuminating cone is restricted to a 
certain optimum value. In the case of a biological microscope, the cone of 
illumination is controlled by means of an iris diaphragm below the con¬ 
denser. 

Microscope objectives are classified according to their degree of chro¬ 
matic correction into three main types. Achromatic objectives, constructed 
of crown glass converging lenses and flint glass diverging ones, are able to 
bring light of two widely separated wave lengths to the same focus. Their 
lack of chromatic correction for intermediate and extreme wave lengths 
gives rise to the so-called secondary spectrum. Achromats are spherically 
corrected for one wave length only. Fluorite objectives, containing, as their 
name suggests, one or more fluorite lenses, give a less pronounced second¬ 
ary spectrum and an over-all improvement in spherical aberration. Apo- 
chromatic objectives also employ fluorite lenses, but their construction is 
such that three wave lengths come to the same focus while they are spheri¬ 
cally corrected for two wave lengths. For general microscopy there can be 
no doubt of the great superiority of apochromats, but few apochromats can 
be used for polarized-light work because of the anomalous birefringence of 
most naturally occurring fluorite. 

Objectives can be corrected only for one image distance. If the distance 
of the image from the rear focal plane of an objective, of focus/millimeters, 
is l millimeters, (l/f) diameters is the initial magnification produced by 
the objective. This image is again magnified by the eyepiece to give a vir¬ 
tual image. By a generally accepted convention, the virtual image is 
considered to be formed 250 millimeters from the rear focal plane of the 
eyepiece, so that the power of an eyepiece is given by 250//', where/'is 
its focal length. Thus, the magnification, M, of the microscope as a whole 
is given by the expression: 

M = 250 V//' (1) 

In actual practice, objectives, with the exception of a few of the lowest 
powers, are made parfocal. This necessitates having a longer image dis- 
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tancc with high powers than with low ones. It is therefore customary for 
manufacturers to specify the initial magification of objectives for a g.ve 
mechanical tube length, which is the over-all length of the body .tube mcas 
ured from the upper end of the eyepiece adapter to the shoulder again. 



I*lg. 1.—Spcnccr No. 5 research microscope (courtesy 
American Optical Co.). 


which the objective seats. The working distance of an objective is the 
clear distance between the metallic rim holding the front lens of the ob¬ 
jective and the upper surface of a cover glass 0.18 millimeter thick when the 
microscope is focused on an object beneath the cover. 

The numerical aperture of a microscope objective (N.A.) is the sine of 
the angle a made by the most oblique rays entering the objective with the 
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optical axis of the microscope, multiplied by the refractive index of the 
medium in which the objective is immersed: 

X.A. = u sin a (2) 

For dry objectives, the immersion medium is air, so that X.A. = sin a. 

In the past thirty years many notable improvements have been made in 
the design of microscope stands. The provision of interchangeable monoc¬ 
ular and binocular bodies, especially the more recent inclined binocular 
type, has practically eliminated eyestrain from microscopy, and makes 
extended observation possible. In addition to helping to conserve the 
microscopist’s eyesight, the binocular microscope leads to more reliable 
work, as fine structural detail is more clearly seen, with less intensive con¬ 
centration. A particular advantage of the inclined over the straight binoc¬ 
ular is that it permits comfortable working with fluid mounts on a horizon¬ 
tal stage. Straight and inclined binocular bodies may be subdivided into 
two types: those with parallel and those with converging tubes. Most 
people are able to use either type. The American Optical Company’s 
Spencer Xo. 5 Research Microscope, which is shown in figure 1, is a good 
example of such an instrument which has been designed for the most criti¬ 
cal research work. It has an extra-large arm and body with a low fine 
adjustment that is close to the other working parts. The substage has a 
fine adjustment in addition to the usual coarse one, and is provided with an 
auxiliary lens which slides in the substage slot. This lens raises the focal 
point of the condenser for low-power work. 

A type of microscope which is useful for general low-power work in the 
laboratory is the two-objective stereoscopic binocular, often referred to as 
the Grccnoiujh binocular. This type of instrument uses matched pairs of 
objectives, Porro erecting prisms in the body tube, and matched pairs of 
high-power, wide-field eyepieces. The long working distance, erect image, 
and true stereoscopic vision are particularly useful for low-power viewing 
of manipulations with uncovered and unmounted objects, and in mounting 
specimens for high-power optical and electron microscopy. 

2. Microscopy with Transmitted Light 

Transmitted light is used for showing details of thin objects, either col¬ 
ored, or, if devoid of absorption, having a refractive index differing by at 
least 0.1 from that of the medium in which they are mounted. A particular 
advantage of observation by transmitted light is that interior features of 
the object are made visible. Objects to be studied by transmitted light 
should be mounted on object slides of good quality. The most generally 
useful size of object slide is 1 in. X 3 in., with a thickness of 1.0 to 1.2 mm. 
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beveled. The edges of the shdes shouW1 be groun part3 of the 
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medium-power objectives to ignore thefine P source q{ , ight> and 

use a frosted incandescent lamp, or eventoe sk* »^ concentrate the 
an uncorrected condenser, or even advantage of sun¬ 
light on the object. While tins and much 

plicity, and is probably good enoug t0| the cor rect princi- 

medium-power work, a no ' v ® ’croscope reveal much more detail than 
pies of illumination can make the microscope rev ea 

it otherwise would. nnwer objectives is pro- 
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as follows: . 
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of the ribbon filament is focused on the substage diaphragm by adjusting the p 

“mThe microscope, equipped with a 10X or 20X objective and a 10X eye¬ 
piece is Reused on the object. The lamp diaphragm is closed down to about 5-mim 
diameter The image of this diaphragm is brought into the center of the field by 
adjusting the mirror and is focused by racking the substage condenser up or down, 

“S' ThYZ-^wer objective is now replaced by the high-power one which is 
to be used and the microscope is again focused. The field of ,Hum,nation is now 
adjusted, by means of the iris diaphragm on the lamp so that it falls just within 
thC field of the eyepiece. This insures a minimum of flare and the maximum con¬ 
trast and clarity of the image. If the object occupies only a small area in the center 
of the field of view, the disk of illumination may be correspondingly reduced. 

(6) The next step is to adjust the cone of illumination entering the objective 

1 A. Kohler, Z. wiss. Mikroskop ., 10, 433 (1893). 
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to give the maximum resolving power possible with the particular object being 
studied. With a little experience this point is readily judged by opening the con¬ 
denser diaphragm fully and then closing it to the point at which flare disappears 
from the image. At this stage the light is probably much too bright for comfortable 
observation; its intensity should be modulated by means of neutral density filters 
and not by closing down the substage condenser. 

For many types of specimen good objectives give their best image with a 
cone of illumination which is between 0.7 and 0.9 of the full aperture of the 
objective. It is sound practice always to remove an (or the) eyepiece 
from the microscope and to inspect the back lens of the objective by look¬ 
ing down the body tube. Not only can the cone of illumination be esti¬ 
mated in this manner, but errors of alignment of light source or condenser, 
and bubbles in immersion oil in the case of an oil-immersion condenser, are 
at once noticed and corrected. This operation is greatly simplified by 
having a dummy eyepiece with a central pinhole, and (especially for micros- 
copists past the middle forties) with a +6 diopter spherical lens immedi¬ 
ately below the pinhole. A great deal of time may be saved by having the 
microscope lamp rigidly fixed to a baseboard which has locating stops for 
the microscope. If the microscope itself is not inclined, as is possible when 
it has an inclined binocular body, the microscope may be placed in its case 
when not in use and replaced on the baseboard without the necessity of 
realigning the lamp and microscope. Experience has shown that any mi¬ 
croscope left uncovered in a chemical laboratory soon becomes unfit for 
use because of corrosion or dust. 

Coiled filament lamps and projector lamps of the coiled-coil type give 
satisfactory results if a piece of glass, finely ground on both sides, is placed 
between the lamp and its condenser. The ground glass may be placed be¬ 
tween the condenser and iris diaphragm in some lamps, although in this lo¬ 
cation the grain of the ground glass may become perceptible when a narrow 
cone of light is being used. If the lamp with which the microscopist must 
work does not have an iris diaphragm, an aperture in a piece of thin metal, 
or even in a blackened card, is a good substitute. 

Illumination can become a source of annoyance to the microscopist 
whose work necessitates continual change of magnification from low-power 
objectives such as the 10X, to a 90X oil immersion. After the illuminant 
and condenser have been set up for high-power work with Kohler illumina¬ 
tion, it is a nuisance, to say the least, to have to remove the condenser, 
unscrew its top lens and reinsert it in the substage fitting. Various means 
have been used to simplify the changing of condensers: condensers of dif¬ 
ferent focal lengths and numerical apertures are mounted on interchange¬ 
able slides which fit in dove-tailed grooves in the substage fitting; or con¬ 
denser optical units are mounted on a rotating turret on the substage fit- 
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t : n ,r In the Ortholux research microscope of Ernst Leilz which is show n in 
flK ure 2, an outstanding feature is the illumination system which forms a 
compact unit with the microscope. The illumination can be changed al¬ 
most instantly from transmitted to reflected light, and the illuminating 
system remains permanently aligned. The condenser resembles that of a 
petrographic microscope in being provided with a swing-out, high-power 
condenser and two iris diaphragms. For low-power work the high-power 



Fig. 2.—tails Ortholux iwarch microsco|M\ 


unit is swung out of the beam and the lower diaphragm then controls the 
condenser aperture, whereas for high-power work with the high aperture 
unit in position, the upper diaphragm controls the aperture while the lower 
one acts as a field diaphragm and so provides a modified form of Kohler 
illumination. It has already been mentioned that another way of filling 
the field for low-power work is to use an auxiliary lens in the substage slide, 
as is done in the Spencer Xo. 5 research microscope. Recently Benford, 10 
of Bausch & Lomb Co., has described a built-in substage illuminator with a 

|a J. R. Benford, J. Optical Soc. Am., 37, 642 (1947). 
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2 candle power source which permits transitions from a high numerical 
aperture small field, to a low numerical aperture large field, and also to dark- 
field illumination. In the same paper Ben ford describes a new type of neu¬ 
tral density filter for microscopic work. These filters have mirror films of 
Inconel metal having densities of 0.3, 0.6, 0.9, and 1.2. They are 
grain-free and neutral enough for color photomicrography. When ease of 
manipulation of the microscope is of more importance than the attainment 
of highest possible optical performance, a condenser recently introduced 
by Bausch & bomb will prove of service. In this system, the upper lens 
of a two-lens Abbe condenser is fixed to the microscope stage, while the 
lower lens is carried by a fitting attached to a rack and pinion movement. 
When the lower lens is in its uppermost position the condenser has its 
maximum numerical aperture and smallest field. As it is racked down the 
numerical aperture becomes smaller and the field larger, until in its lowest 
position the entire field of a low-power objective is adequately filled with 
light. 2 

Copeland 3 has converted a Polaroid variable density filter from a surplus 
gunsight for use as a variable-density filter for the Kohler system of illu¬ 
mination. 

The use of polarized light with the microscope is not confined to the 
study of crystals. It is often of aid in studying the birefringence of starches 
and of synthetic and natural fibers. Dichroism of dyed fibers may also be 
observed in this way. 4 Biological structures, which are derived from 
orderly arrangements of ultramicroscopic or micellar rods or platelike par¬ 
ticles dispersed in a continuous phase of different refractive index, have a 
form birefringence in addition to any birefringence possessed by the dis¬ 
perse phase itself. 5 Polaroid disk polarizers and cap analyzers are on the 
market which can be used with an ordinary monocular microscope. For 
use on a single-objective binocular microscope, however, the analyzer must 
go between the objective and the binocular body, and should, therefore, 
be of very good optical quality. 

3. Microscopy with Incident Light 

Many objects are best examined by incident light; in fact, with opaque 
objects it is the only method that can be used. Methods of incident illu- 

2 L. B. Hall, Educational Focus, 19, 10 (1948). 

3 I). 10. Copeland, Slain Technology, 23, 9 (1948). 

* J. M. Preston, Moslem Textile Microscopy, Emmott, London, 1933. D. R. Morey, 
Textile Research , 5, 538 (1935). 

6 II. Ambronn and A. Frey, Das Polarisationsmikroskop, Akadem. Yerlagsgesell- 
scliaft, Ix*ip/.ig, 1920. W. J. Schmidt, Die Bausteine des Tierkdrpers in Polarisiertem 
Lichte, Cohen, Bonn, 1924. 
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spot lamp., —trie opa,u, illumfn- 

tors, and vertical illuminators. 

A SPOT LAMPS AND REFLECTORS 

Before the days of the tungsten filament lamp, the usual methodofil- 

iectives However, a spot lamp consisting of a miniature lam P h 
eouipped with a 6-volt lamp and a small focusing condenser is much more 
convenient. The spot lamp is preferably attached by a flcxiWe or un, versa - 
jointed coupling to the microscope body or the slide on which the body 
mounted; the light can then be directed at the point of focus of the°bjec- 
tive at an angle best suited to the nature of the object being studied. By 
this means objects of differing thicknesses can be studied w.th ease smce 
focusing the microscope automatically focuses the light on the object 
The surface contour of a large object, such as a piece of paper, is best 
studied with the light almost at gracing incidence, whereas ‘solatedsmall 
objects mounted on a transparent or black slide usually give the best re¬ 
sults with about a 45° incidence. Illumination by means of a spot light 
attached to the microscope body is particularly useful with a low-power, 
stereoscopic binocular microscope equipped with par-focal pairs of objec¬ 
tives on a rotating or sliding objective changer. 

Parabolic reflectors were formerly much used. The best known was the 
Lieberkiihn illuminator, which consisted of a segment of a paraboloid re¬ 
flector surrounding the microscope objective. Objects had to be special y 
mounted on a small opaque disk, as light reflected from the microscope 
mirror passed around the object to the Lieberkiihn, which reflected the light 
downward to a focus on the object. 


B. CONCENTRIC OPAQUE ILLUMINATORS 

The Lieberkiihn illuminator may be considered as the forerunner of il¬ 
luminating systems in which the light is focused downward on the object 
in the form of a hollow cone on the outside of the objective. Chapman and 
Aldridge of London introduced a new type of objective for high-power work 
with incident illumination in which the light was reflected downward by a 
mirror in the form of an annulus inclined at 45°. The objective itself 
passed through the mirror and through a hole in the center of the condensing 
lenses which focused the light on the object. Essentially the same arrange- 



860 


E. E. J E L L i; Y 


ment, although in a much improved and far more versatile form, was intro¬ 
duced under the name of “Ultropak” by Ernst Leitz of Wetzlar, Germany. 
The Ultropak employs six dry objectives, ranging from 3.8 X to 50 X, four 
water-immersion objectives ranging from 23 X to 90 X, and five oil-immer¬ 
sion objectives ranging from 11X to 100 X. A series of five ring condens¬ 
ers is needed to cover the entire set of objectives. For work with illumina¬ 
tion at grazing incidence a special biccntric condenser is provided which is 
particularly useful with the oil-immersion objectives. The illuminator 
may be used with either an attached illuminating apparatus or, for more 
powerful illumination or work in the ultraviolet, a special condenser and 
separate arc lamp replace the illuminating unit. The Ultropak with at¬ 
tached illuminating system may be used on any ordinary microscope, but 
when the special condenser is used it is necessary to use a microscope pro¬ 
vided with rackwork focusing to the stage. Subsequently, Zeiss and Busch 
introduced similar types of incident illuminators. An indication that high- 
polymer chemistry is coming to the aid of the microscope manufacturer is 
given by Benford la who described a combined incident and vertical illumina¬ 
tor in which a parabolic reflector surrounding the objective is made from a 
molded plastic. 

Concentric opaque illuminators are of considerable value for the study 
of structural form. Hauser and Lc Beau 6 have described an interesting 
technique for studying lyogels. The colloid under investigation is dis¬ 
persed or dissolved in a suitable medium which is then spread on the sur¬ 
face of a nonmiscible liquid. A piece of very fine wire gauze of 18 n mesh 
is inserted in the liquid and is lifted upward through it, in the manner de¬ 
veloped for electron microscope preparations (see pages 974-978). The 
coated wire gauze is then placed on an object slide which is then studied 
with an Ultropak microscope. 

C. VERTICAL ILLUMINATOR 

A vertical illuminator is a device for reflecting light down through the ob¬ 
jective which then functions as a condenser and focuses the light on the 
object. The light reflected from the object which re-enters the objective 
then forms an image in the eyepiece. In its simplest form, the vertical 
illuminator consists of a cover glass, preferably optically worked, mounted 
in a metal tube threaded at the top to fit the objective changer and at the 
bottom to take the objective. The cover glass is mounted at 45° to the 
optic axis of the microscope, opposite a lateral opening in the metal tube. 
It is easy to see that with such an illuminator the light source should be the 
optical equivalent of an illuminated disk corresponding in diameter, and 

6 E. A. Hauser and D. S. Le Beau, Ind. Eng. Chem., 37, 786 (1945). 
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C n Ts orism covering half the back lens of the objective. Unlike the 

a vpr glass illuminator which can be used with objectives in the usual long 
cove r.glass ilium objectives in short mounts, sincei with a 
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hat a shadow obscures part of the field of view in the eyepiece. The prism 
vertical illuminator, when used in conjunction with short mounted objec- 
Uve gives markedly better contrast than can be obtained with the cove, 
vlass type Objectives for vertical illumination are corrected for use without 
a cover glass, and for a tube length which varies from one make to another. 
Care should therefore be taken to adjust the tube length for all such o J 
fives having a numerical aperture greater than 0.4 to the value engra 
on the mount of the objective. It was the practice in Germany before 
World War II for manufacturers to equip vertical illuminators with both 
cover-glass and prism reflectors which were instantly interchangeable. 
Such illuminators were provided with a focusing condenser and a field ins 
diaphragm, which, by restricting the field of illumination, helped to im¬ 
prove contrast. Developments in coating lenses with quarter-wave layers 
of magnesium fluoride and other low refractive index materials have now 
been applied to some objectives for vertical illumination, with a striking 
diminution in lens flare. 

Vertical illumination is often referred to as bright field, and concentric 
opaque illumination as dark field. These terms refer to the appearance of a 
polished metal specimen under the respective types of illumination. Leitz, 
Busch, and others have supplied combined bright-field-dark-field illumina¬ 
tors The bright-field-dark-field illuminator described by Benford " has a 
glass plate reflector coated with titanium dioxide having a refractive index 
of 2.6 on one side and a quarter-wave coating of magnesium fluoride on the 
other. The image is stated to be two and one-half times brighter than with 
the conventional glass plate. 


4. Dark-Field and Ultramicroscopic Methods 

Both dark-field and ultramicroscopic methods depend on the principle 
of illuminating very small objects which are suspended in a medium of dif¬ 
ferent refractive index, by means of a powerful cone of illumination which 
does not directly enter the microscope objective. A particle so illuminated 
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appears bright against a dark field, even though its actual diameter is be¬ 
low the resolving power of the microscope objective; its apparent diameter 
is equal to its actual diameter plus the resolving power of the microscope, 
X/(2 X N.A.). As long as a particle is capable of scattering light, it will 
show up as a small disk of light in the field of view. 

Dark-field condensers illuminate the object with a hollow cone of light, 
the minimum numerical aperture of which is greater than the N.A. of the 
condenser. For objectives with a numerical aperture of 0.65 or less, fairly 
good results can be obtained with a central opaque stop under a substage 
condenser. The central stop may be made by cementing a disk of black 
paper to a glass circle which goes in the slot beneath the iris diaphragm of 
the condenser. The size of the black paper disk needed for any objective 
is readily determined as follows. The microscope is focused on an object 
and the condenser is adjusted so that the lamp diaphragm is also in focus 
in the field of view. The eyepiece is now removed and a pinhole cap is used 
in its place. The substage diaphragm is stopped down until it can be seen 
in the back lens of the objective. It is now opened up until it is just out¬ 
side the field of view, when its diameter is that of a paper disk which will 
just prevent light from entering the objective directly. 

Although an achromatic-aplanatic condenser will give quite good dark- 
field results, an ordinary Abbe condenser is not very satisfactory, especially 
with medium- and high-power objectives. This is because it is neither 
achromatized nor spherically corrected, and so is at a particular disad¬ 
vantage when the central bundle of rays is stopped out. The aplanatic- 
achromatic condenser should be oil- or water-immersed when used with a 
central stop for dark-field work with objectives of 0.65 to 1.15 N.A. 

Dark-field reflecting condensers are, of course, achromatic. There are 
various types, some of which have a single paraboloid reflecting surface; 
others have a pair of spherical reflecting surfaces. This latter type is 
called the cardioid or bicentric type. The bicentric condensers are made 
for oil immersion with a numerical aperture of 1.20 and 1.40, and dry for 
objectives with a numerical aperture below 0.80. The 1.40 dark-field 
condenser in conjunction with a 1.30 or 1.32 N.A. oil-immersion objective 
gives the highest resolution, but can only be used with objects mounted in 
media with a refractive index of over 1.46 or thereabouts. For water 
mounts the 1.20 condenser is used, and the aperture of the oil-immersion 
objective is reduced by means of either an iris diaphragm or a cone stop 
which diaphragms the back lens of the objective so that a dark field is ob¬ 
tained. Some workers use water as an immersion medium with the 1.20 
N.A. condenser. With a given light source, the bicentric type of dark-field 
condenser gives somewhat more illumination than the paraboloid type, but 
the latter has the advantage that an iris diaphragm below it cuts out the 
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ravs of lower N.A. first, whereas with two reflecting surfaces the converse 
)A11 u the case and the iris would serve no useful purpose. 

'' The sUt ultramicroscope of Siedentopf and Zsigmondy’ conn 
tially of a microscope equipped with an objective focusing int P 
rectangular cell, mounted on an optical bench carrying an lamp. A 
condenser attached to the lamp focuses an image of the arc on a homo 
slit- a microscope objective is mounted in a horizontal position so 
olesTn image of the slit in the rectangular cell at the point of focus of 
,he objective on the microscope. The direction of illumination is there 
fore perpendicular to the axis of the microscope. The depth of illumina¬ 
tion may be varied by changing the width of the slit. The slit ultramicro- 
,. 0De i s of value when it is necessary to determine quantitatively the con¬ 
centration of colloidal particles suspended in a liquid or solid. Zsigmondy 
also originated an immersion ultramicroscope in which a spot of liquid to tie 
studied is held by capillary attraction to the quartz front lenses of two 
sDecial objectives, one of which forms an image of the slit at the focus of the 
other. Gerhardt and von Baeyer’ adapted Michelson’s interference method 
of measuring the angular separation of double stars to the determination 
of the diameter of ultramicroscopic particles. The theory of interference 
ultramicroscopy had previously been discussed by Siedentopf 10 who con¬ 
structed an interference apparatus which could be attached to any Zeiss 
microscope. 


5. Phase-Contrast Microscopy 

Early tests of the Abbe diffraction theory of microscope image formation 
by Bratuscheck 11 who worked with Abbe’s demonstration apparatus, by 
Conrady, 12 and by Rheinberg, 13 had clearly demonstrated that a change 
of contrast, or even a reversal of contrast, of the images of diffraction grat¬ 
ings could be obtained by the use of suitable absorbing or phase-changing 
plates in the back focal plane of the microscope objective. No practical 
use was made of this effect until Zernicke 14 showed that similar changes 
and reversal of contrast can be expected when any transparent or weakly 

7 H. Siedentopf and R. Zsigmondy, Ann. Physik, 10, 1 (1903). 

8 R. Zsigmondy, iD J. Alexander, Colloid Chemistry. Vol. I, Chemical Catalog Co., 
New York, 1926, p. 817. 

8 U. Gerhardt, Z. Physik, 35, 697 (1926); 44, 397 (1927). O. von Baeyer and U. 
Gerhardt, ibid., 35, 718 (1926) 

10 H. Siedentopf, Kolloid-Z., 36, 1 (1925). 

“ K. Bratuscheck, Z. wiss. Mikroskop., 9, 145 (1892). 

12 A. E. Conrady, J. Roy. Microscop. Soc., 1905, 150. 

18 J. Rheinberg, J. Roy. Microscop. Soc. 1904, 388; 1905, 152. 

F. Zernicke, Z. lech. Physik, 16, 454 (1935); Physica, 9, 686, 974 (1942). F. 
Zernicke, in A. Bouwers, Achievements in Optics, Elsevier, Now \ ork, 1946, pp. 110-135. 
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absorbing microscope object is illuminated by an extended light source if a 
phase plate is placed in the back focal plane of the objective so that it 
covers the geometrical image of the extended light source. Phase-contrast 
microscopy was soon developed in Germany, and methods of varying the 
relative amplitudes and phase relationships of the geometrical and dif¬ 
fracted beams by means of polarizing systems were proposed. 16 The at¬ 
tention of English workers was soon directed toward the study of phase- 
contrast microscopy, Burch and Stock 16 describing their work with a slit¬ 
shaped source of illumination and a phase-accelerating Zernicke strip. In 
America, work on both the theoretical and experimental aspects of phase 
microscopy was begun in 1941 . 11 According to these workers, both the 
phase retardation and the absorption of the diffraction disk must be chosen 
to suit the particular object being studied. In the form described, the 
microscope is provided with an Abbe condenser having an annular dia¬ 
phragm which provides a matched objective with a hollow cone of illumi¬ 
nation extending from approximately one-half to three-fourths of the full 
aperture of the objective. A diffraction plate, also called a phase plate by 
other workers, is built into the objective if it is of shorter focal length than 
16 mm. For the 16-mm. objective it is possible to have a set of diffraction 
plates of various amplitude and phase relationships mounted in a rotating 
disk. These diffraction plates impart a change in intensity and phase re¬ 
lationship of deviated and undeviated rays. The desirability, at least in 
these early stages of phase microscopy, of being able to vary both the phase 
and intensity relationships has led to a number of attempts to use a com¬ 
bination of polarizing devices to give a ready means of effecting these 
changes. Hartley 18 described a diffraction disk constructed of mica having 
a birefringence retardation of y± wave. The annulus corresponding to the 
undeviated beam has its fast vibration plane at right angles to that of the 
inner and outer portions of the disk. A polarizer is used below the con¬ 
denser, which is provided with a matching annular diaphragm. An 
analyzer is used, either in the microscope body or above the eyepiece. The 
field can be changed from light to dark by rotating the analyzer. Another 
method of controlling the amplitude in phase-contrast microscopy has been 
described by Taylor 19 who has employed a diffraction plate consisting of a 
central disk and outer annulus of </- (or l -) quartz and an inner annulus 


16 A. Kohler and W. Loos, Naturwissenschaflen, 29, 49 (1941); English translation in 
Textile Research J., 17, 82 (1947). 

16 C. R. Burch and J. P. P. Stock, J. Sci. Instruments, 19, 71 (1942). 

17 A. H. Bennett, H. Jupnik, H. Osterberg, and 0. W. Richards, Trans. Am. 1Micro- 
scop. Soc., 65, 99 (1946). 

18 W. G. Hartley, Nature, 159, 880 (1947). 

19 E. W. Taylor, Proc. Roy. Soc. London, A190, 422 (1947). 
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( , (oT d _) quartz. The quartz plates are cut perpendicular to t J ieir ° ptl ® 

; Ind are Of such a thickness that they rotate the plane of polanzat.on 
“fr ht of a chosen wave length through +45° and -45°, respectively. 
Thelnner annulus, which transmits the undeviated beam, h^ an '^rop. 
.aver on it which introduces a quarter-wave retardation. The ^ ste ™ ) 
y . with a polarizer below the annular condenser and an analyzer abo 
S diction plate or the eyepiece. On rotating the analyzer the phase 
difference changes from +X/4 to -X/4, while at the same time theampli- 
tude relationship varies continuously through light field to dar • 

T hi8 permits instant change of contrast. Osterberg* has described, under 
the name of Polanret microscope, a phase-contrast system which h 
polarizer below the annular condenser. The diffraction plate, which go 
fn the Tear focal plane of the objective, consists of a quarter-wave rmcojd 
combined with zonal polarizers having their vibration directions at 45 
and 135°, respectively, to the fast vibration direction of the bicoid. By 
rotating both polarizer and analyzer, variation of both phase and amplitude 

' S While the American Optical Company (Spencer Lens) studies each pros- 
nective customer’s problem individually, and supplies an objective having 
the phase and amplitude relationships best suited for that particular pur¬ 
pose, Bausch & Lomb have placed on the market a set of phase-contrast 
accessories with the following phase contrast objectives: 10X, 

N.A.; 21 X, 0.50 N.A.; 43X, 0.65 N.A.; and 97X, oil immersion 1.25 
N A * The substage equipment consists of an Abb6 condenser, 1.25 N.A., 
mounted on a rotatable changer with annular diaphragms and one free 
opening, with iris diaphragm. The equipment also includes a centering 
telescope, which aids in centering the diaphragm image on the amplitude- 
changing annulus of the phase disk, and a Wratten No. 58 green filter 
for supplying light with an appropriate wave length band. It will be 
noted that the Bausch & Lomb phase-contrast objectives have predeter¬ 
mined phase and amplitude characteristics. The combination supplied is 
believed to have the widest range of applicability. Both American Optical 
Company and Bausch & Lomb Company objectives yield images of good 
contrast and high resolving power with transparent objects such as living 
cells in aqueous substrata, vegetable and animal fibers, and many types of 
emulsion. A British phase-contrast microscope is advertised by Cooke, 
Troughton, and Simms of York. 22 Reumuth 28 has discussed the applica¬ 
tion of phase microscopy to textile fiber research, a field in which it promises 


20 H. Osterberg, J. Optical Soc. Am., 37, 726 (1947). 
11 J. Magliozzi, Educational Focus , 19, 6 (1948). 

22 Nature, 160, CCXXIX (1947). 

• 3 H. Reumuth, Textile Research J. t 17, 69 (1947). 



to be of considerable use. It has been claimed that phase-contrast micros¬ 
copy will be of value in the microscopic determination of refractive indices. 
This claim can only be true of the determination of the refractive index of 
isotropic substances, and of the ordinary index of uniaxial substances, as a 
very narrow cone of illumination must be used when determining the 
extraordinary index of uniaxial substances and the principal indices of 
biaxial ones (see page 932). 

6. Interference Microscopy 

When a transparent object, mounted in a liquid of different refractive 
index, is placed between two half-platinized glass flats and is viewed in 
monochromatic light by means of a low-power microscope system of small 
numerical aperture, interference fringes are seen, which change more or 
less abruptly at the edges of the object and at variations in optical thick¬ 
ness of the object. Berg 24 used a cell with slightly inclined, half-platinized 
optical flats in the study of growing sodium chloride crystals. He was 
able to detect variations in concentration of the mother liquor around the 
edges of the growing crystals. The application of interferometric methods 
to the study of contact preparations of organic crystals is described on page 
917. The success of Berg’s method, and of the author’s application to 
birefringent substances, depends on having a microscope system with a 
small numerical aperture so that the resolving power of the system is 
necessarily low. When very small objects are examined, this loss of re¬ 
solving power is quite serious. 

In order to use interference microscopy with higher powers, Merton 26 
evolved an ingenious practical way of obtaining interference with an il¬ 
luminating cone of 0.37 N.A. A zone plate is placed at the lower focal plane 
of the condenser. The transmitting zones, which are cut in an opaque 
silver film at diameters computed for any desired order of interference at 
the center of the system, are about one-fifth the width of the opaque zones. 
The method of computation is given in the second publication. A reduced 
photographic positive copy of the zone plate is prepared, the reduction 
being such that when the copy is centered in the back focal plane of the ob¬ 
jective its transmitting zones exactly match those of the condenser. The 
order of interference at the center of the system is governed by separation 
of the half-platinized surfaces of the interference cell, although a zone plate 
calculated for a given order is reasonably effective over a number of orders 
on either side. A method of preparing durable half-platinized slides and 
cover glasses is given in the first publication, and a simple way of obtaining 

24 W. F. Berg, Proc. Roy. Soc. London, A164, 79 (1938). 

“ T. Merton, Proc. Roy. Soc. London , A189, 309 (1947); A191, 1 (1947). 
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the desired separation is given in the second. Reference is made to a modi¬ 
fication of the method by C. R. Merton, in which zone plates effective for 
| )0 th the 546 m/i and 436 mu mercury lines are prepared from images in 
dichromatcd gelatin by dyeing with eosin and a mixture of auramine and 
malachite green, respectively. The pair of plates is cemented in contact. 
Light of the required wave lengths is obtained from a mercury arc source 
by filtering with didymium glass and a gelatin filter lightly stained with 
methylene blue. This method gives color differences between small ob¬ 
jects and the background. 


7. Fluorescence Microscopy 

The microscopical examination of fluorescing objects may, in special 
cases, provide useful information. The equipment required depends on 
the region of the spectrum which excites the fluorescence. Dyes having 
fairly sharp absorption bands sometimes fluoresce when exposed to the 
visible illumination which they absorb. Such fluorescence is readily 
demonstrated by Stokes’ method: the substance is illuminated with light 
having a certain wave-length band and is viewed through a filter having an 
absorption band in the same region, for example, a Wratten No. 45 for 
illumination, and a Wratten No. 23 or 23A for viewing. A very favorable 
circumstance results when a substance fluoresces when illuminated with 
the sodium 589 m/x line; a piece of didymium glass (Corning No. 5120) cuts 
out the sodium light. 

Usually, however, ultraviolet light must be employed in fluorescence 
microscopy. Probably the most convenient source for occasional work 
which does not warrant having a special microscope is the General Electric 
A-H4 lamp. This lamp, which is used in conjunction with a 59G22 or 
59G18 autotransformer, should be mounted in a well-ventilated lamp house 
equipped with a focusing bull’s eye condenser and filter holder. A Wratten 
No. 22 filter is used for focusing, and a Corning No. 5860 filter for absorbing 
visible light and transmitting the near ultraviolet. As the mercury radia¬ 
tion in the 365-366 m/i region is freely transmitted by ordinary microscope 
condensers, objectives, and eyepieces, a special microscope is not necessary. 
However, the ordinary back-silvered microscope mirror is a very poor re¬ 
flector of ultraviolet light; it should be replaced by a surface aluminized 
one. An ultraviolet-transmitting, right-angled prism may be used instead 
of the aluminized mirror; it should not, however, be silvered cn the hypot¬ 
enuse. Fluorite and apochromatic objectives may give trouble from 
fluorescence of the fluorite used in their construction. Immersion oil 
fluoresces sufficiently to cause trouble with oil-immersion objectives when 
used on weakly fluorescing objects. Both the above sources of unwanted 
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extraneous fluorescence can be removed by the use of ultraviolet-absorbing 
cover glasses such as were formerly obtainable from Zeiss. A small piece 
of Wratten No. 2A gelatin filter makes a fair substitute for a temporary 
mount. Water-immersion objectives give satisfactory results for medium- 
high-power work, if they are corrected to work with a No. 1 cover glass; 
otherwise they can only be used on objects which are not changed by water 
immersion. 

Alternatives to the mercury arc are a carbon arc and a concentrated fila¬ 
ment tungsten lamp. Barnard and Welch 26 have described a setup using 
a d. c. automatic carbon arc lamp. As the arc, and not the incandescent 
carbon, provides the ultraviolet radiation, it is recommended that a long 
arc be used. A cell containing a solution of cupric sulfate is used to absorb 
the heat radiation and a Wood’s glass filter to absorb visible radiation. 
The ultraviolet radiation is concentrated on the object by means of a two- 
lens quartz condenser with a central stop, the dark-field method of illu¬ 
mination being considered more satisfactory than transmitted light. These 
same workers 27 have also described their elaborate equipment for high- 
power fluorescence microscopy. The source of light is a high-voltage dis¬ 
charge between magnesium electrodes. A group of emission lines at about 
283 m/i is isolated by means of a quartz prism and condenser system which 
throws an image, in light of this wave length, on the substage illuminator. 
The illuminator itself is a reflecting dark field of the type described by 
Smiles, 28 in which the beam of ultraviolet radiation falls on the base of a 
60° cone of quartz and is totally reflected by the cone to a curved magna- 
lium reflector which brings the light to a focus on the object. Leitz has 
also supplied a high intensity carbon arc source of ultraviolet radiation for 
use with the Ultropak in the study of fluorescence of opaque objects. For 
this application the Ultropak is provided with a small tungsten lamp unit 
and a movable reflector whereby white light and ultraviolet may be inter¬ 
changed instantly by pressing a flexible release. American Optical Co. 
(Spencer Lens) has marketed an outfit consisting of a low-voltage, high- 
amperage, concentrated filament lamp equipped with an ultraviolet- 
transmitting filter, an aluminized reflector to slip over the microscope mir¬ 
ror, and a yellow filter to cover the top lens of the eyepiece. This equip¬ 
ment was primarily designed for the examination of auramine-stained, 
acid-fast bacteria. 29 

The usefulness of fluorescence microscopy in the study of colloid systems 


“ J. E. Barnard and F. V. Welch, J. Roy. Microscop. Soc., 57, 256 (1937). 
v J. E. Barnard and F. V. Welch, J. Roy. Microscop. Soc., 56, 361 (1936). 

28 J. Smiles, J. Roy. Microscop. Soc., 53, 207 (1933). 

« 0. W. Richards, in Medical Physics. O. Glasser, editor, Year Book Pub., Chicago, 
1944. 
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is discussed by Hauser and Frosch.” Among their proposals is that of add¬ 
ing fluorescent materials to such systems so that they may be read ly 
studied. Use has been made of the polarization, or dichro sm of fluore 
oence of strongly fluorescent direct dyes adsorbed on textile fibers 1 
study of micellar orientation and spiral structure of a number ®f natural 
and artificial cellulose fibers. Thioflavine S and d.azo fast yellow 2G 

proved effective for this method. 31 Mtoeof \ hv 

The application of fluorescence microscopy to biology is discussed by 
Ellinger. 32 On the general subject of fluorescence analysis, reference may 
be made to books by Radley and Grant, 33 and by Haitinger. 31 

A word of caution is necessary; the eyes can be damaged by undue ex¬ 
posure to ultraviolet light. Not only should an ultraviolet-absorbing filter 
be used over the microscope eyepiece, or eyepieces, but also care should be 
taken to shield the eyes from ultraviolet light scattered before it enters the 
microscope. A simple way of checking this point is to prepare a fluores¬ 
cent test paper by allowing a saturated solution of anthracene in benzene 
to evaporate on a piece of filter paper. The test paper is used in a dark¬ 
ened room to explore for stray ultraviolet radiation, and suitable shields 
arc then fixed to stop it. This precaution is especially necessary when using 
an A-H4 mercury lamp in an improvised lamp house. 


8. Ultraviolet Microscopy 

Strictly speaking, most of the work with the ultraviolet microscope has 
been photomicrography, as photographic plates or films were used to record 
the images. Quartz condensers or aluminized, reflecting, dark-field con¬ 
densers, quartz slides and covers, and quartz objectives are used for work 
in the far ultraviolet region. The radiation must be monochromatic, so it 
is usually obtained by employing a simplified quartz monochromating 
system to isolate a strong emission line from a cadmium or magnesium 
spark. A high-voltage alternating source is used with an oil-immersed 
condenser connected across the spark gap. 35 A high-voltage quartz- 
mercury lamp which emits most of its energy at the mercury resonance 

:0 E. A. Hauser and C. J. Frosch, Ind. Eng. Chem., Anal. Ed., 8, 423 (1936); J. 
Optical Soc. Am., 27, 110 (1937). 

31 D. R. Morey, Textile Research , 4, 491 (1934). 

32 P. Ellinger, Biol. Revs. Cambridge Phil. Soc., 15, 323 (1940). 

33 J. A. Radley and J. Grant, Fluorescence Analysis in Ultra-Violet Light. 3rd ed., 
Chapman & Hall, London, 1939. 

3t M. Haitinger, Die Fluoreszenzanalyse in der Mikrochemie, Haim, Leipzig, 1937. 
Reprinted by Edwards Bros., Ann Arbor, 1944. 

“ J. E. Barnard and F. V. Welch, Practical Photo-micrography. Arnold, London, 
1936, pp. 298-312. 
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line at 253.7 m/x has also been used. 16 A simplified technique of ultraviolet 
microscopy has been described according to which a Hanovia spiral quartz 
mercury resonance lamp is housed in a Transite box under a Kohler micro¬ 
scope with a quartz optical system. The lamp is cooled with a jet of air. 
Visible light is removed from the illuminating beam by means of an aqueous 
solution of nickel sulfate and cobalt sulfate contained in a quartz cell. 17 

Photomicrography with the mercury 365 m/x line may be accomplished 
with the aid of special objectives achromatized for the 546 and 365 m/x 
lines. Green light, obtained by inserting a Wrattcn No. 62 or 77A filter 
in the beam, is used for focusing. For exposing, the filter is changed for a 
Wratten No. 18A or a Corning No. 5860.” The development within re¬ 
cent years of electron image tubes” should make visual work with ultra¬ 
violet microscopy easier, for, unlike the unaided fluorescent screen which 
usually gives low image brightness, the electron image tube is fundamen¬ 
tally capable of amplifying the intensity of the image, by increasing the 
velocity of the photoelectrons. The electron microscope has removed the 
scientific urgency of extending the limit of resolution of the optical micro¬ 
scope, but an important field remains for the ultraviolet microscope: the 
study of selective absorption of cell constituents and other biological struc¬ 
tures. A high-pressure hydrogen arc giving continuous ultraviolet emis¬ 
sion could be used in conjunction with a quartz monochromator for such 
studies. 

The need for an achromatic system for work in the ultraviolet has long 
been recognized. Brumberg 1 * 1 has developed a two-surface reflecting ob¬ 
jective which has a fluorite refracting element to correct for the effect of the 
cover glass. He also introduced the principle of color translation as a 
means of presenting a composite picture of selective absorption in the 
ultraviolet. This is accomplished by converting images obtained with three 
different bands in the ultraviolet into the three color components of a color 
picture. At first this was achieved by a three-color photographic process, 
but later a system was proposed in which the microscope was equipped 
with a fluorescent screen and two synchronized sets of rotating filters: 
three ultraviolet ones for the illuminating system and a tricolor set for view¬ 
ing the fluorescent screen. Preliminary reports indicate that the research 

M J. E. Barnard and F. V. Welch, J. Roy. Microscop. Soc., 54, 365 (1936). 

37 G. I. Lavin, Rev. Sci. Instruments, 14, 375 (1943). 

» A. P. H. Trivclli and R. P. Loveland, J. Optical Soc. Am., 20, 97 (1930). A. P. H. 
Trivelli and L. V. Foster, ibid., 21, 124 (1931). Eastman Kodak Company, Photo¬ 
micrography, 1944, pp. 76-81. 

« V. K. Zworykin et at., Electron Optics and the Electron Microscope. Wiley, New 
York, 1945, p. 42. 

•** E. M. Brumberg, Compt. rend. acad. sci. U.R£.S., 25,473 (1939); 31,658 (1941); 
32, 486 (1941); Nature, 152, 357 (1943). 
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wrtment of Polaroid Corporation is further developing and improving 
the method"* The Polaroid microscope records the three » ra 
images^ onadj acen t frames of 35 nun. film, which is then processed m a few 

of 0.65 which live «c*nt taw. "' h “ h ™“' 
( i ultraviolet light. The numerical aperture of the objective may 
raised to 0.98, without loss of achromatism, by the addition of an immei- 
sion lens of quart* having such curvature and thickness that the o >jc^. 

It the geometric center of its spherical surface. This quart* lens enables 
the reflecting microscope to be adapted for phase-contrast methods. 

9. Infrared Microscopy 

When the electron image tube mentioned above is equipped with an in¬ 
frared-sensitive photocathodc it is able to convert an ini fra red image to 
visible one.™ This makes visual microscopy possible with inflated bg . 
The electron image tube could also be used in conjunction with a beam 
splitter for visual focusing in infrared cine-photomicrography. 


10. Photomicrography 

As has been stated in the introduction to this chapter, specialized photo¬ 
micrography falls outside the scope of the present treatment, lor an ac¬ 
count of modern equipment and methods the reader is referred to books by 
Shillaber and by Allen, and for basic principles to the books by Barnard 
and Welch and by Hind and Randles (see Photomicrography, under general 
references). However, the need for taking photomicrographs is always 
arising in the course of research with the microscope. Even when elabo- 
rate photomicrographic apparatus is available it is often not possible to 
transfer the object slide to it without danger of losing either the specimen, or 
at least the particular field which it is desired to photograph. It is, how¬ 
ever, possible to get good photomicrographs with a roll-film camera used 
in conjunction with an easily constructed support. 400 The camera is held 
by a couple of stout rubber bands to a carrier fixed in a clamp which rotates 
on a strong upright rod. It is supported by a lower clamp which also car- 
ries a stop to locate the camera in alignment with the optical axis of the 


** A. D. Little, Inc.. Industrial Bull. No. 249 (Dec., 1948). E. II. Land, E- H. 
Blout, D. S. Gray, M. S. Flower, H. Husek, R.C. Jones, C. H. Mat* and D. P. Merrill, 
Science, 109, 371 (1949). 

** R. Barer, Brit. Sci. News, 1, 66 (1948). 

40 V. K. Zworykin and G. A. Morton, J. Optical Soc. Am., 26, 181 (1936). G. A. 
Morton and L. E. Flory, Electronics, 19, No. 9, 112 (Sept. 1946). 

R. P. Loveland, J. Phot. Soc. Am., 10, 16 (1944). See also Photomicrography, 
14th ed., Eastman Kodak Co., 1944. 



872 


E. E. JELL E Y 


microscope. Figure 3 shows the camera swung aside for visual focusing, 
and figure 4 shows it in position for making the photomicrographic expo¬ 
sure. The microscope must he focused for infinity, in other words the eye 
must he accommodated for distant vision. If difficulty is experienced in 
doing this, a simple telescope having a graticule at its focus for infinity, is 
held over the microscope eyepiece while the image is brought into focus 



FiK. 3.—Photomicrography with u roll- 
film camera in position for focusing. 


Fig. 4. Photomicrography with a roll- 
film camera in |>osition for exposure. 



with the lines of the graticule. After the microscope has been focused, the 
camera is swung hack to the locating stop and a light-tight connector of 
black cloth or paper is used to bridge the gap between the microscope eye¬ 
piece and the camera lens, unless the equipment is being used in a darkened 
room. The camera lens must be free from dust or marks, as these produce 
shadows on the film. Some trouble may be experienced with a Hare spot 
caused by reflections introduced by the camera lens. However, coated 
(lumenized) lenses are free from this defect. The magnification on the 
photomicrographic negatives obtained in this way is computed by multi- 
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Krimr the magnification of the microscope (calculated for an image dis- 
? • _ 250 mm.) bv the focal length (in mm.) of the camera lens and then 

rHvidinK the product by 2.50. Thus, for a 43X objective, a 10X eyepiece 
an d a 35 -mm. camera equipped with a lens of 50-mm. focus, the magnifi¬ 
cation on the film is 

43 X 10 X 50 -T- 250 = 86X 

This figure is, of couse. multiplied by the enlargement used in making the 
m int from the small negative. However, it is best to make a photomicro- 
h of a stage micrometer with the same lenses as those used in making 
the photomicrographs and to use this to adjust the enlargement of the 
prints so as to obtain a rounded number (such as 100, 250, or 1000) on the 
final photomicrograph. A convenient plan is to photomicrograph the 
stage micrometer, with all the combinations of lenses likely to be used, on a 

single strip of film. 

The optical principle involved in the above simplified method of photo¬ 
micrography is substantially that of the eyepiece camera. As representa- 
tives of this very convenient type of camera we may consider the three 
Leitz micro camera attachments, the Makam, the Macca, and the Micro 
Ibso attachment with a 35-mm. camera. These attachments differ only 
in the size of picture that they take. The eyepiece is gripped in a fitting 
which clamps on the microscope draw tube. This fitting carries a beam 
splitter which may be thrown out of the optical path, a lateral telescope for 
focusing, and a self-winding wheel shutter. The Makam takes 9 X 
12 cm. plates and is provided with a lens of 250-mm. focal length so that 
it. gives unit magnification; the Macca takes 4.5 X 0 cm. plates and has a 
lens of 125-mm. focal length, and the Micro Ibso attachment has a lens 
of 83-mm. focal length. The lateral telescope and the lenses of the various 
attachments are focused for infinity, so that when the microscope image is 
focused on the cross webs it is also in focus on the photographic emulsion. 
When roll-film cameras are used with low-power eyepieces, the entire field 
of the eyepiece appears in the photomicrograph and, as only the central 
part of the microscope field is in focus, the photographic film is largely 
wasted. In black-and-white work this is not serious because only the 
central part of the negative need be enlarged. However, when 35-mm. 
color photomicrographs are made for projection in an auditorium, the 
entire field must be shown and the out-of-focus parts are distracting. It is 
usually best to compromise by using 10 X to 15 X eyepieces, because many 
higher power eyepieces exhibit a chromatic difference of magnification 
which shows as a radial color fringing of details not in the central portion 
of the field. 

From many points of view, one of the most satisfactory ways of doing 
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35-mm. photomicrography in both color and black-and-white is to focus 
the projected image on a ground-glass screen carried on a sliding or rotat¬ 
ing fitting which also carries an interchangeable and parfocal 35-mm. 
film holder. Such a device is the Eastman Kodak 35-mm. Kodachrome 
adapter. Two models are available: A, which is illustrated in figure 5, 
fits Kodak precision enlarger A with camera back adapter A; and B, 
which fits precision enlarger B with camera back adapter B. The c unplcte 
.4 unit provides all the photographic equipment that is needed fo. photo¬ 
micrography, as the film adapter can be used with all black-and-white 
No. 135 Kodak films as well as with color. The enlarger is used as such in 
making prints from black-and-white negatives. 



Fig. 5.—Kodak precision enlarger with 
35-mm. Kodachrome adapter. 


It should ho noted that the optical system of the microscope has been 
computed for a visual image plane of infinity. When very short projec¬ 
tion distances are used for photomicrography, focusing the image on the 
ground glass has the effect of changing the tube length of the microscope. 
Although this does not matter with low-power objectives, with high-power 
objectives of large numerical aperture the resulting spherical aberration 
may seriously degrade the image quality. There are three ways of avoiding 
this drawback: (/) Use of an auxiliary lens over the eyepiece whose focal 
length is equal to the projection distance; this is obviously the equivalent 
of using a camera with its lens. (2) Raising the eyelens of the eyepiece 
sufficiently so that the image is focused on the ground-glass screen. This 
method is satisfactory for “negative” eyepieces of the Huyghens type of 
10X and over, for example, a 10X Huyghens eyepiece has an eyelens of 15- 
mm. focal length. For projection distances of 100, 150, and 200 mm. the 
eyelens has to be raised by 2.7, 1.7, and 1.2 mm., respectively, whereas for 
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a 5X eyepiece with an eyelens of 30-mm. focal length, this 
raised by 12.9, 7.5, and 5.3 nun., respectively, which could not be done 
without a special eyepiece. (3) Raising the eyepiece as a whole. 1 His ex 
pedient, also, can only be considered satisfactory with medium- and hign- 
power eyepieces. It has, however, the advantage of simplicity, and can be 
used with compensating eyepieces. The distance that the eyepiece mus 
be pulled,out is given in table I. 


Table I 

Tube Length Corrections for Short Projection Distances 


•jr: 

Power of 
eyepiece 

Tube length correction for projection 
distance of 

100 mm. 

150 mm. 

200 mm. 

5X 

50 

25 

13 

6X 

29 

16 

11 

7.5X 

17 

9.5 

6.7 

8X 

14 

8.2 

5.8 

10X 

8.3 

5.0 

3.8 

12X 

5.5 

3.4 

2.4 

12.5X 

5.0 

3.1 

2.2 

15X 

3.7 

2.3 

1.7 


The choice of photographic materials, whether color or black-and-white, 
depends on the type of subject and on the size of photomicrograph.* 

When the photomicrographs are to be used for comparison purposes 
special care must be taken to keep the illumination unchanged and the ex¬ 
posure and processing identical for each comparison set of photomicro¬ 
graphs. The following points are worth considering. 

(7) Normal fluctuations of line voltage cause variations in the intensity 
of the light source of the order of 30%. A voltage regulator of the right 
wattage for the light source is a necessity. 

(£) When Kohler’s method of illumination is used for high-power photo¬ 
micrography it is absolutely necessary to focus the lamp diaphragm on the 
object plane each time a slide is changed. If this is not done, both the 
intensity and color of the transmitted light may change greatly. When it 
is possible to mount all of the specimens on slides not differing by more than 
0.05 mm. in thickness, a considerable saving in time is effected. 

(5) The time and temperature of the developer and the degree of agita¬ 
tion during development must be controlled in order to get constant de- 

* The reader is referred to Photomicrography, 14th ed., Eastman Kodak Co., 1944, 
and to R. P. Loveland, J. Biol. Phot. Assoc., 12, 143 (1944) and 13, 79 (1944). These 
two articles have been revised and issued as pamphlets for insertion in the Kodak Photo¬ 
graphic Notebook under the titles of “Kodachrome Photomicrography of Stained Slides” 
and “Kodachrome and Ektachrome Exposure in Photomicrography.” 


876 


E. E. JELLEY 


velopment. One of the advantages of 35-mm. photomicrography is that 
as many as 36 exposures can he processed at a time. The recent introduc¬ 
tion of Kodak Microdol developer makes it possible to obtain very fine 
grain without too much loss of speed and contrast when using FX 135 
Panatomic film. Still finer grain may be obtained by adding two tablets 
of Kodak Anti-Fog No. 1, or one ounce of 0.2% stock solution of Anti- 
Fog, per quart of Microdol developer; the exposure is increased two to four 
times. When a daylight developing tank is used for processing the rolls of 
35-mm. film it is best to have both developer and tank at room tempera¬ 
ture. The time of development is governed by the contrast and fineness 
of grain desired. 

The density of a photographic image is defined as the logarithm of 100/T, where 
T is the percentage transmission; thus 50% transmission corresponds to a density 
of 0.3, 1% to a density of 2.0. The characteristic curve of a photographic material 
under any given set of development conditions is obtained from some form of step- 
tablet exposure. The density of each step is plotted against the logarithm of the 
exposure which produced it. The exposure is the time of exposure multiplied by 
the intensity of light at the image plane. The contrast or gamma of the photo¬ 
graphic material for these particular development conditions is the tangent of the 
angle which the middle straight-line portion of the characteristic curve makes with 
the log exposure axis. The reader who desires further information on the subject 
of photographic sensitometry is referred to the specialized literature. 406 

Table II gives the factors, for Panatomic X film and Microdol developer, 
by which the time of development at 20° C. must be multiplied in order to 
get the development time for any other temperature between 15° and 25° 
C. Lines -4, B, and C give the times corresponding to 8, 12, and 20 minutes 
at 20° C. The contrast obtained with Microdol is 0.6 for A, 0.8 for B, 
and 1.0 for C. When Anti-Fog No. 1 is added to the developer, the corre¬ 
sponding contrasts are 0.4, 0.6, and 0.8, respectively. The graininess is 
lower with lower contrast. Microfile film M 135 should be used when ex- 


Table II 

Relative Times of Development at Different Temperatures of Panatomic X 

Film in Microdol Developer 


Temp.. ° C.: 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

Factor: 

1.67 

1.51 

1.36 

1.23 

Msm 


■rra 

EZ3 

tea 

EO 


A 

13 

12 

11 

10 

mm 

8 

n 

« 

Bn 

n 

5 

B 

20 

18 

16 

15 

13 

12 

n 

10 

9 

8 

7 

C 

30 

27 

24 

22 

20 

18 

16 

15 

13 

12 

11 


406 C. E. K. Mees, The Theory of the Photographic Process. Macmillan, New York, 
1942. 
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tremely fine grain and ^contrast are 

photomicrographic to 1 liter 

r; SSi ™ the *L * deve.opment specified in fine 


B. 


Many methods of determining photomicrographic exposure have been 

This photometer has proved to be very satisfactory as it » both sensi 
and rugged. A cover with a H-in. diameter aperture in the center has 
been placed over the window of the Photronic cell. This aperture is placed 
against the ground-glass viewing in a high-light portion of the field, 
necessary the.object is moved out of the field meanwhile. If the galvanom¬ 
eter spot moves off the scale, a filter having a neutral density of 1.0 is 
placed over the aperture of the Photronic cell and the galvanometer reading 
is multiplied by 10. The exposure in seconds is obtained by dividing an 
exposure factor by the galvanometer reading. These factors are deter¬ 
mined experimentally. However, once a factor has been determined for 
any photographic film whose characteristic curve is known for specified 
development, the exposure factor for any other film for which the sensito- 
metric data have been published is easily calculated. For the particular 
Photronic cell and galvanometer in use, the exposure factor for Koda- 
chrome K135A is 5; for Panatomic FX 135 developed in Microdol it is 
0.8; for the same film developed in Microdol with Anti-Fog it is 1.6 to 
3.2; and for Microfile developed in D-41 it is 5. In working with polar¬ 
ized light, between crossed nicols, the analyzer is momentarily withdrawn 
in order to measure the intensity of illumination; the object is not moved 
out of the field while the measurement is being made. The galvanometer 
reading is divided by 5 before computing the exposure. As an illustration: 
suppose some crystals were being photomicrographed between crossed 
nicols, and that a galvanometer reading of 10 was obtained with a 1.0 neu¬ 
tral density filter over the Photronic cell when the analyzer was with¬ 
drawn. The exposure for Type A Kodachrome would be: 

5 -j- [10 X (10 5)] = *A sec. 


AOc Photomicrography. 14th ed., Eastman Kodak Co., pp. 106-107. 
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The same general principles will apply to larger sizes of films and plates 
and to photographic materials other than those specifically mentioned. 

The exposure and development times should be kept as constant as pos¬ 
sible when making enlargements from small negatives or contact prints 
from large ones. However, it is usually necessary to match the prints 
during processing. Kodabromide Grade F No. 4 is a suitable enlargement 
paper for photomicrographs on Panatomic X film; Nos. 2 and 3, which are 
of lower contrast, are more suitable for use with Microfile film. Velox, 
Azo, or similar papers should be used for making contact prints from photo¬ 
micrographic negatives on plates or sheet film. D-72 is a good developer 
for all these grades of paper. 

III. CRYSTALLOGRAPHIC MICROSCOPY 
1. The Polarizing Microscope 

In order to convert a microscope to a polarizing microscope it is neces¬ 
sary to polarize the light entering the substage and to insert another polariz¬ 
ing prism, known as the analyzer , above the objective. The analyzer may 
be arranged to slide in the body tube above the objective, or be mounted 
in a cap which fits over the eyepiece. An ordinary type of substage con¬ 
denser cannot be used with a polarizing prism, since the prism would 
need to be very large in order not to obscure part of the back lens of the 
condenser; consequently a substage condenser of a modified design is 
often employed. Other necessary features of a polarizing microscope are a 
graduated rotating stage and crosswebs in the eyepiece which are ac¬ 
curately aligned with the vibration directions of the polarizer and analyzer. 
The optical principles involved are discussed on pages 896-907. 

Petrographic Microscopes 

The most elaborate polarizing microscopes are those designed for petro¬ 
graphic research. The determination of the optical properties of crystals, 
such as those occurring in thin sections of minerals, necessitates very fre¬ 
quent changes from orthoscopic to conoscopic methods of observation. 
The orthoscopic observation of a crystal employs the ordinary optical 
system of the microscope with the addition of a polarizer and an analyzer; 
a low-power objective (4-10 X) is used in conjunction with a low-power 
condenser which provides a narrow cone of illumination over a relatively 
large area. The conoscopic method of examination involves the study of 
the interference figure formed at the back focal plane of a high-power ob¬ 
jective of large numerical aperture, and requires the use of a condenser of 
equal or greater aperture. The back focal plane of the objective is imaged 
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in the eyepiece with the aid of an auxiliary lens, the Bertrand lens, which is 
inserted between the objective and the eyepiece. Petrographic microscopes 
are so constructed that the change from one method of observation to the 

other is easily carried out. # . n , 

A typical example of a modern petrographic microscope is the isauscn 
& Lomb LC model shown in figure 6. It has a graduated stage which 




Co arso adjuslmont 


Clomp 


Body tub# 


Bertrand lens 
Iris diaphragm 

Centering scre-s 

Analyxer 

Compensator 

Objective clutch 

Objective 
Object slide 
Rotating stage 
Upper iris diaphragm 

Swing-out condenser 
Polarizer 

Lower iris diaphragm 
Mirror 

Base 


Fig. 6.—Bausch & Lomb LC petrographic microscope. 


rotates on ball bearings and which is fitted to take a mechanical stage and 
other equipment. The analyzer prism slides in and out of the body tube 
between a parallelizing lens system of the type first described by Becher"; 
this lens system insures freedom from astigmatism and permits the analyzer 
to be inserted and withdrawn without change of focus, of magnification, or 


« S. Becher, Ann. Physik, 47, 285 0915). 
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of location of the image. The change from a low-power to a high-power 
condensing system is effected l>y turning a knurled head which swings the 
high-power condensing system into place. This mechanism is shown in 
figure 7. Each objective is carried in its own centering collar which is 
readily attached to a special nosepiece, so that any number of precentered 
objectives may be readily interchanged. Under normal working conditions 
the objectives remain centered indefinitely. The Bertrand lens slides into 
the body tube in a focusing sleeve. It is equipped with centering screws 
and an iris diaphragm for the optical isolation of the interference figures of 
small crystals. A slot, provided with a dust cover, is placed just beneath 



I**ig. 7.—Swing-out condenser on Buuscli & bomb microscope. 


the analyzer for the accommodation of a quartz wedge, first-order-red 
selenite, quarter-wave mica, and other forms of compensator. 

Chemical Microscopes 

Chemical microscopes are polarizing microscopes of simple and robust 
design according to specifications originally laid down by Chamot and 
Mason. 42 They differ principally from the more elaborate petrographic 
instruments described above in that they are not equipped with a built-in 
Bertrand lens. The best models are equipped with a swing-out high-aper¬ 
ture condenser system, which, as already explained, greatly facilitates the 
study of interference figures. Most makers of chemical microscopes are 

« E. M. Chamot and C. W. Mason, Handbook of Chemical Microscovy. 2nd ed.. 
Vol. I, Wiley, New York, 1938, p. 55. 
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able to supply either a cap analyzer or an analyzer which slides in the b y 
tube The latter is decidedly preferable for workers who wear g ^ J 
place of the Bertrand lens a pinhole diaphragm or an auxiliary lens abo 
£ eyepiece, known as a Becke lens, is used. The .self-contained conoscopi 
apparatus of the type discussed on page 924 (Fig. 29) is worthy of spec.a 
consideration since the microscopy of organic compounds depends a great 
deal on the study of interference figures given by small crystals 

Further improvements in optical properties of polarizing fil ers of the 
Polaroid type will no doubt lead to a simplification in the optical system ol 
the chemical microscope for use in the organic chemical laboratory, since 
the thinness of a Polaroid analyzer and its freedom from astigmatism render 
unnecessary a system of parallelizing lenses. 

Chamot and Mason recommend the use of an accurately centered re¬ 
volving nosepiece, or one with individually centerable openings, for three 
objectives. This is a sound practice, since most chemical microscopy, 
apart from more or less fundamental research on the optical properties ol 
crystals, can be carried out with three objectives. 


Accessories 

The choice of accessories for chemical microscopy is naturally governed 
by the extent of the optical investigations to be undertaken. The minimum 
requirements for useful work in the organic laboratory are: a chemical 
microscope equipped with a swing-out high-power condenser and apparatus 
for the observation of conoscopic interference figures of small crystals; 
an accessory for determining optical sign, such as a quarter-wave mica 
plate, a first-order-red selenite plate, a quartz wedge or a Johannsen com¬ 
pensator; a triple nosepiece equipped with three parfocal and centered 
strain-free objectives and two or three eyepieces with cross hairs and focus¬ 
ing eye lenses. The optical characteristics of a selection of Bausch & 
Lomb strain-free achromatic objectives are given in table III by way of 


Table III 


Objectives for Polarizing Microscope 


Initial 

magnification 

Focus, 

mm. 

N.A. 

Working 

distance. 

mm. 

Type 

4X 

32 

0.10 

38 

Dry 

6X 

22.7 

0.17 

15.5 

Dry 

10X 

16 

0.25 

7.0 

Dry 

21X 

8 

0.50 

1.6 

Dry 

45 X 

4 

0.85 

0.3 

Dry 

or 36 X 

4 

0.95 

0.25 

Dry 

97 X 

1.8 

1.25 

0.14 

Oil immer¬ 
sion 
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illustration. A similar range of objectives is made by other manufac¬ 
turers of polarizing microscopes. 

When only three objectives are to be employed in a nosepiece, the 
author’s preference is for a 6X, 21X, and 45X (N.A. = 0.85). It is im¬ 
portant to note that different manufacturers employ different tube-length 
corrections for their objectives. Low-power objectives up to 10 X initial 
magnification are not at all critical with respect to tube-length correction, 
but objectives of over 30 X initial magnification are very critical. It is not 
a sound policy to equip a laboratory with an odd collection of microscope 
accessories. 

Focusing crossweb eyepieces are supplied with magnifications, calculated 
on a 250-millimeter image distance, of 5X, 7 1 /, or 8X, 10X, 127*X, and 
sometimes higher. When only two eyepieces are to be chosen, the author’s 
preference is for a 5X and 10X. A very useful addition is a 7.5X eyepiece 
with a focusing eye lens to take a micrometer disk. This is used for esti¬ 
mating the optic axial angle in air (2 E) of biaxial crystals (see pages 948- 
951). 

A mechanical stage is a very great convenience. It enables one to re¬ 
move a slide from the microscope, apply some physical or chemical treat¬ 
ment to it, and return it to the same position on the microscope stage. 
This particular application is useful when studying the action of heat on 
extremely small particles. The slide is allowed to cool before being re¬ 
turned to the microscope. More obvious uses of a mechanical stage are 
to aid in the systematic exploration of a large number of minute crystals 
and to render easier the task of centering them on the cross hairs for cono- 
scopic examination. A mechanical stage with a very fine adjustment over 
a limited travel is particularly advantageous for the study of very small 
crystals. An adjustment of this type is provided by the built-in mechani¬ 
cal stage of the Bausch & Lomb LD petrographic microscope designed by 
F. E. Wright. 

For work on colored crystals, a dichroscope eyepiece of the Wollaston- 
prism type (page 954) is convenient, though not absolutely necessary. It 
is essential to have a good microscope lamp equipped with a water-cooling 
cell and a set of Wratten M filters. A source of monochromatic light, such 
as a sodium-vapor lamp for X = 589, or a mercury-vapor lamp equipped 
with Wratten filters Nos. 77A and 58 for X = 546 is very useful for the 
preliminary conoscopic examination of absorbing crystals and for studying 
optic normal, obtuse bisectrix, and uncentered interference figures. 43 A 
monochromator with a wave-length scale, such as the Bausch & Lomb 
Laboratory Wave-Length Spectrometer, with the eyepiece shutters in posi- 


41 E. E. Jclley, Ind. Eng. Chem., Anal. Ed., 13, 196 (1941). 
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focusls Sireion of birefringence and 

the dispersion of extinction commonly met with in monod.mc and tncl.mc 
crystals of colored organic compounds (see pages 94, and l 959). 
thermal studies under the microscope requ.re a hot stage^ Many 
present users of this very useful accessory must construct their o • 
Since only low-power orthoscopic observations are made with a hot stage, 
an inexpensive microscope may be used for this purpose. It is advanta¬ 
geous to keep the hot-stage microscope with its own objectives y 

for thermal studies, since such work impairs the strain-free characteristics 
of objectives to be used for birefringence determinations A Pa rllcu ^ 
useful piece of equipment is a copper bar heated at one end so that a tern 
perature gradient is maintained along it, in the manner employed for 
melting-point determinations by Dennis and Shelton.** This bar is used 
for recrystallizing substances from the melt at temperatures not far re¬ 
moved from the melting point. 

2. Microscopy of Thermal Properties 

Melting Points. Hot Stages 

The microscope may be used as an aid to the study of thermal phe¬ 
nomena. For this purpose it is necessary to equip it with a hot stage for the 
study of substances which are solid at room temperature, and a cold stage 
for the study of substances which are liquid above -40° C. Most of the 
heating stages on the market have been designed for biological work and 
are only suitable for temperatures below 100° C., which renders them of 
very limited application in chemical work. 

Hot stages suitable for determining melting points have been described 
by numerous investigators, in particular by Kofler and Kofler, 46 whose 
book also gives a list of references. Two simple and effective designs have 
been described by Chamot and Mason. 46 One of these is quite easily con¬ 
structed. It consists of a block of aluminum 3 X 4 X Vs inch thick, hav¬ 
ing a 74 -mch hole through the center. The upper and lower surfaces are 
recessed to receive thin glass windows. A hole is drilled through one edge 
to permit the insertion of a thermometer or thermocouple. About two 
meters of No. 20 B & S Nichrome wire is wrapped around the aluminum 
plate in two layers insulated from each other and from the plate by as- 

44 L. M. Dennis and R. S. Shelton, J. Am. Chem. Soc., 52, 3128 (1930). 

45 L. Kofler and A. Kofler, Mikroskopische Melhoden in der Mikrochemie, Haim, 
Vienna, 1936. L. Kofler and H. Hilbck, Mikrochemie, 9, 38 (1931); 15, 242 (1934). 

46 E. M. Chamot and C. W. Mason, Handbook of Chemical Microscopy. 2nd ed., Vol. 
I, Wiley, New York, 1938, pp. 201, 203. 
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bestos paper. The outer layers of insulation are made sufficiently thick 
to avoid excessive conduction of heat to the microscope stage. The in¬ 
sulation is cut away to allow for the removal and replacement of the glass 
windows which are held in place by separate pieces of asbestos board having 
openings only just large enough to permit of illumination and observation 
of the specimen to be heated. Zscheile and White 47 have described a heat¬ 
ing stage constructed of two copper blocks, the lower of which is electrically 
heated, in which provision is made for passing a stream of nitrogen through 
the heating cavity in order to avoid oxidation of the material being ex¬ 
amined. The temperature of the heating chamber is determined thermo- 
electrically by means of an iron-constantan couple and a Leeds & 
Northrup precision potentiometer. A heating rate of 0.3° C. per minute is 
recommended. 

Bonner 48 has given working drawings of a hot stage taking 1 in. X 3 in. 
microscope slides. This stage permits moving the specimen, and also 
changing the slide while the stage is hot. A new design of a hot stage has 
been evolved. 49 It consists of an electrically heated copper or brass block 
surrounded by a water jacket through which water at 25° is circulated. 
Usually the specimen is mounted between 8-mm. square No. 1 cover glasses. 
1 he temperature of the specimen is measured with a thermocouple made 
from No. 30 B & S gage glass-covered iron and constantan wires. The 
hot junction serves as a clip to hold the cover glasses in place. To avoid 
errors from conduction losses, the thermocouple leads are wrapped once 
around the heated block in a groove provided for that purpose. The cold 
junction may be kept in an ice bath, or in the constant-temperature water 
circulating system which is maintained at 25°. A groove is provided in the 
top of the heating block, diametrically across the viewing aperture, in order 
to accommodate melting-point capillaries which are used with substances 
having a tendency to sublime out of the field of view. Three advantages 
are gained by having the constant-temperature water jacket around the 
heating unit of the stage: (a) the microscope is protected from undue heat¬ 
ing; (b) the stage may be cooled rapidly; and (c) the rate of heating is 
strictly under control, so that a given amperage will give a reproducible 
rate of heating and maximum temperature. These heating rates and maxi¬ 
mum temperatures are determined experimentally for various current 
strengths. The values are plotted graphically. From the set of curves, 
the relationships between current in amperes and the following are de¬ 
rived: ( l ) maximum temperature reached; (2) temperature at which rate 
of heating is 1° per minute; and (3) temperature at which rate of heating 

47 F. P. Zscheile and J. W. White, Ind. Eng. Chem., Anal. Ed., 12, 436 (1940). 

48 W. A. Bonner, J. Chem. Education, 23, 601 (1946). 

*» F. W. Matthews, Anal. Chem., 20, 1112 (1948). 
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• *o Thpse curves are used for routine work with the stage. 

'sa-ssssil 

. rate 0 f i° per minute; otherwise the 5 rate is cnosen 
Ttln can be usS as a constant-temperature stage by havmg a voltage 
st *T to to control the input to a Variac variable autotransformer which 
• eg (urn feeds a 4:1 step-down transformer necessitated by the low resis 
’nee of the heater unit. When the amperage is reduced, the temperature 
SdS SpTS its new constant level by virture of cooling by the water 

ja Sd stages consist of a suitably insulated chamber which can be cooled 
hv means of a liquid circulating at low temperature. A thoroughly prac 
Sal design has been described by Chamot and Mason.” A cooling system 
capable of reaching very low temperatures with this stage ^ been de¬ 
scribed by Mason and Rochow.** The cold stage is useful in the deter¬ 
mination of melting points and polymorphism of many organic compounds 
which are liquid at ordinary temperature. At temperatures below t e 
dew point of the atmosphere, the condensation of moisture or ice on the 
windows may be a source of trouble, which, however, may be overcome by 
allowing a slow stream of dry air or nitrogen to impinge on both upper and 
lower windows. In low-temperature work, it is particularly necessary to 
guard against heating the specimen by the absorption of enerp from the 
illuminating beam: a heat absorbing filter, or a deep water cell containing 
a very dilute solution of cupric sulfate will considerably reduce this heating 

eff Both hot and cold stages are best used on a microscope with a detachable 
rotating stage, or on a simple biological microscope equipped with ‘‘Pola¬ 
roid” polarizer and analyzer. Hot stages in particular should be used with 
caution on the rotating stage of a polarizing microscope. In any case, the 
hot stage should be removed from the microscope as soon as the observa- 


tions have been completed. 

Use of Polarized Light.—A particular advantage of determining melt¬ 
ing points under the microscope is that the phenomena of fusion are 
directly observable. With the majority of organic crystals the transition 
from solid to liquid state is very sharply defined and is unmistakable. 
Except in those very rare cases in which the crystal is isotropic, the use of a 
polarizer and analyzer on the microscope is of particular sendee, as the 
disappearance of birefringence is usually a definite indication of fusion. 


w E. M. Chamot and C. W. Mason, Handbook of Chemical Microscopy. 2nd ed., 
Vol. I, Wiley, New York, 1938, p. 205. 

C. W. Mason and T. G. Rochow, Ind. Eng. Chem., Anal. Ed., 6 , 367 (1934). 
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However, there are three conditions under which a crystal may lose its 
birefringence at a temperature below the melting point: 

V) It may have an isotropic polymorph, as in the case of carbon 
tetrabromide which becomes isotropic at 46.9 and melts at 92.5°. 

C 2 ) lt ma y change into an opaque mass of disoriented crystals of 
a polymorph as in the case of s-di(m-nitrophcnyl) urea, which crystallizes 
from 95% alcohol in three polymorphs, according to temperature. One 
becomes opaque at 60°, and another at about 180°; all three melt at 242°. 

(3) It may lose solvent of crystallization and become opaque. 

It is desirable, therefore, to supplement observation under crossed nicols 
by observations with the analyzer removed, or else rotated to the parallel 
position. 

As with melting-point determinations by nonmicroscopic methods, the 
crystals must be thoroughly dry, or erroneous results may be obtained. 
The melting point as determined under the microscope is usually lower 
than that obtained in the usual way, probably because of the ease with 
which onset of fusion is observed. However, Kofler and Kofler 45 point out 
the possibility that water of crystallization may be readily lost when a 
minute quantity of a compound is heated between a microscope slide and 
cover glass, so that the higher melting point of the anhydrous substance is 
measured, whereas the lower value of the hydrate is obtained when the 
substance is heated in a capillary tube. 


Polymorphism 

Substances which exhibit more than one crystalline form are said to be 
polymorphous, and are often referred to as di, tri, etc., -morphous when they 
possess two, three, or more forms. Polymorphous crystals of the same 
substance differ one from the other in their physical properties, but never¬ 
theless yield identical liquids and vapors. In general, polymorphous 
modifications are readily distinguishable from isomers, since the latter 
usually yield different liquids and vapors when heated. However, there 
are many known cases of isomeric compounds which are tautomeric, that 
is, they are more or less easily interconvertible. The conversion of tauto¬ 
mers may take place spontaneously, or it may need the presence of a cata¬ 
lyst. This phenomenon is also known as dynamic isomerism. 

Polymorphs may be divided into two classes: those which are enantio- 
tropic, and those which are monotropic. Enantiotropic polymorphs inter¬ 
change reversibly on changing the temperature, each form having its own 
stability range of temperature. Monotropic polymorphs, on the other 
hand, do not interchange reversibly on changing the temperature: one 
form is unstable, and the other stable, at all temperatures. Although 
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Fig. 8.—Pressure-temperature diagram of an 
enantiotropic substance. 


II On further heating, form II melts at temperature /,. In the complete 
absence of supercooling, the liquid solidifies at /, to form II, and form 
changes to form / at t. However, many organic substances supercool con¬ 
siderably: in the case under consideration the vapor-pressure curve of the 
supercooled liquid would continue in the direction f,-*Ji-* *• ln _ tno 
complete absence of form II, form / may persist above the transition tem¬ 
perature until its melting point,/,, is reached; similarly, form II may supei- 

cool below the transition temperature. 

Monotropic polymorphs are characterized by the fact that one form is 
stable at all temperatures below its melting point and never exhibits 
transformation into the second form, while the second form has a lower 
melting point and is metastable at all temperatures below that, the 
pressure-temperature diagram of a monotropic substance is given in figure 
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9, in which the stable form, II, has melting point /*, and the metastable 
form, /, has melting point/,. Curves II /, and / /„ if extrapolated, meet at a 
point, t representing the hypothetical transition point which cannot be 
attained experimentally because it lies above both melting points 
Ostwald 53 has formulated a general rule, the law of successive reactions 
which, in connection with crystallization from supercooled liquids and from 
supersaturated solutions, implies that the form which crystallizes out is not 
the most stable one, but the one which can be reached with the minimum 
loss of free energy. In a dimorphous system, this, of necessity, is the meta¬ 
stable form. If in the pressure-temperature curve of an enantiotropic 



Temperature 

Fig. 9.—Pressure-temperature diagram 
of a monotropic substance. 


dimorphous substance given in figure 8 the liquid had supercooled to point 
x, the nearest state would be II, which is in its metastable region at x. 
Contact with stable form I would cause the transformation of II into I. 
Similarly, in the case of the monotropic dimorphous system shown in 
figure 9, liquid supercooled to y would crystallize to the metastable form. 
On heating, this form would melt at J x . A good example of this phe¬ 
nomenon is supplied by benzophenone, as first reported by Zincke. 53 If the 
stable orthorhombic modification, which melts at 48.5°, is heated to about 
60°, and then cooled, it does not crystallize in the stable modification, but 
remains liquid. Occasionally, a monoclinic modification will crystallize 

13 W. Ostwald, Z. physik. Chem., 22, 306 (1897). 

M T. Zincke, Ann., 159, 381 (1871). 






XV. MICROSCOPY 


889 


from the supercooled liquid: this metastable modification has a melting 
noint of 26.5°. Inoculation of the supercooled liquid with the metastable 
solid causes immediate crystallization to this modification. 

The displacement of transition and melting points with increase of 
pressure is so small that it need not be considered in connection with 
microscopic work. When a substance possesses more than two poly¬ 
morphous forms, these may be all enantiotropic or all monotropic, or some 
may be enantiotropic and the rest monotropic. With many organic com¬ 
pounds the transformations of the different modifications take place readily 
unless the cooling has been too rapid and severe supercooling has taken place. 
Supercooling may be avoided by having the cooling liquid in contact with 
crystals of stable and metastable modifications. Thus, Dippy and Harts- 
horne 54 recommend a preliminary crystallization from a melt of a sub¬ 
stance under a microscope cover glass. The central portion of the cover is 
then heated to remelt the crystals, either by means of a small gas flame, or 
by contact with the heated end of a small metal rod. In preliminary ob¬ 
servations, the establishment of a temperature gradient across a small 
area of the slide enables different enantiotropic forms to exist together in 
the right temperature zone of the crystalline layer, whereas under similar 
conditions a stable monotropic form always grows at the expense of the 
unstable monotropic form over the whole temperature range (c/. Chap. III). 

Dynamic Isomerism 

Care must be exercised not to confuse dynamic isomerism with poly¬ 
morphism. Dynamic isomerism, or tautomerism, is the more or less ready 
change of one isomer to another, such as that of the a- and /3-benzaldoximes 
and a- and /3-acetaldoximes studied by Bancroft and his associates. 65 The 
two isomers have different melting points, and each can lower the melting 
point of the other. The establishment of equilibrium may be fairly rapid, 
or may be relatively slow as in the case of anisaldoxime studied by Skau 
and Saxton. 66 A microscopic study of the isomerism of acetaldehyde 2,4- 
dinitrophenylhydrazone has been reported by Bryant. 67 An isomer melting 
at 168-170° C. was obtained by repeated crystallization from 95% ethanol; 
the other isomer, melting at 157°, was obtained by sublimation. When the 
second modification came in contact with the first, liquefaction occurred 
through the lowering of the melting point. Crystallization from the melt 
gave an equilibrium mixture melting near 148°.. The thermal behavior of 

64 J. F. J. Dippy and N. H. Hartshome, J. Chem. Soc., 1930, 725. N. H. Harts- 
home and A. Stuart, ibid., 1931, 2583. 

“ W. D. Bancroft, J. Phys. Chem., 2, 143, 245 (1898); 3, 144 (1899). 

“ E. L. Skau and B. Saxton, /. Phys. Chem., 37, 197 (1933). 

67 W. M. D. Bryant, J. Am. Chem. Soc., 60, 2814 (1938). 
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a dynamic isomer is that of two different substances mutually inter¬ 
convertible. The rate of interconversion may be greatly modified by 
traces of catalysts, such as acids. This often accounts for an apparently 
erratic behavior. 


Glass Formation 

When a melt is cooled quickly it may supercool to form a vitreous mass 
or “glass,” which may remain in this state for hours, days, or even years. 
The physical properties of such a glass are those of a liquid of extremely 
high viscosity. It is optically isotropic unless subjected to mechanical 
strain. A glass does not possess a true melting point: heating often induces 
crystallization, or, if crystallization does not take place, the glass softens 
and finally regains the fluidity of the normal liquid. The phenomenon of 
crystallization on heating is very well shown by aceto-/3-naphthalide, a 
substance which melts at 132-134° C. and solidifies to a clear glass when 
cooled suddenly. On warming a microscope slide preparation of the 
vitreous substance, crystals radiate from a number of centers, a growth 
which, however, is instantly checked by recooling the slide. 

Mesomorphism 

Usually, crystals have well-defined melting points at which the crystal 
changes into a clear liquid. However, many substances are now known 
which pass through an intermediate state on heating the crystals: at a 
definite temperature they melt to a liquid—often turbid—showing many 
optical properties usually associated with crystals, and at a higher tem¬ 
perature suddenly change to a normal, clear liquid. A number of different 
names have been proposed for this intermediate state, such as “liquid 
crystal,” 58 “anisotropic liquid,” 69 “paracrystal,” 60 and “mesoform.” 61 
However, the term “mesomorph” is used here in the interests of uniform 
terminology. Under this system of nomenclature, thermotropic mesomor¬ 
phism refers to the production of states intermediate between crystal and 
liquid by means of heat, contrasted with lyotropic mesomorphism, as de¬ 
fined by Lawrence, 62 in which the intermediate phase is produced by the 
forces of solvation. 

Thermotropic mesomorphs exist in two well-defined states, the smectic 
and the nematic. The smectic state may be considered as being solid in 

M 0. Lehmann, Flussige Krislalle und ihr schcinbares Leben, Voss, Leipzig (1921), 
gives full references to Lehmann’s work in this field. 

M V. Frdedericksz and V. Zolina, Trans. Faraday Soc., 29, 919 (1933). 

60 F. Rinne, Trans. Faraday Soc., 29, 1008 (1933). 

A. S. C. Lawrence, J. Roy. Microsarp. Soc., 58, 30 (1938). 

•* A. S. C. Lawrence, Trans. Faraday Soc., 29, 1016 (1933). 
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dimensions and liquid in one, and the nematic state as solid m one 
dimension and liquid in two. At first glance it might be assumed that the 

vimum number of mesomorphous states possible with a single substance 
ma Id be two. Vorlander 63 has pointed out that polymorphism is possible 
with mesomorphs; thus, p-(p-phenetolazoxy)-benzoic acid phenyl ester 
f rms three mesomorphs, and W.jV'-terephthaloyl-Jws-p-aminocinnamic acid 
° h , ester forms no less than four different mesomorphs. Recent system¬ 
ic studies by Weygand and Gabler 64 on the effect of molecular structure 
on mesomorph formation have revealed many such cases, an example 
being p-nonoxybenzalphenetidine, which forms one nematic and two 
smectic forms having transition points of 115°, 84°, and 79° C. 

A third type of mesomorph, which is related to the smectic type, is 
known as the cholesteric type. Many cholesterol derivatives, such as the 
acetate, benzoate, and bromide, exhibit an extraordinary optical phenome¬ 
non in the mesomorphous state: when the crystalline substance is 
heated it melts to an isotropic liquid. On cooling this melt, a mesomorph 
is formed which shows brilliant colors by reflected light. Touching the 
cover glass during this stage of the cooling aids in the development of the 
colors. This reflected light is circularly polarized. In this state, the 
substance shows enormous optical rotatory power—sometimes a million 
times that of quartz of similar thickness! A few other substances have 
been reported to show this strange optical phenomenon, e. g., amyl p- 
(cyanobenzalamino)-cinnamate. 

It should be noted that the mesomorphous state may be either enantio- 
tropic as in the cases of p-azoxyanisole and p-azoxyphenetole, or monotropic 
as in the cases of cholesteryl esters and anisal-p-aminoacetophenone. 
Furthermore, a mesomorph does not necessarily behave as a liquid. Super¬ 
cooling may so increase its viscosity that it becomes, in effect, an aniso¬ 
tropic “glass” made up of a patchwork of oriented molecules. A good ex¬ 
ample is l-benzeneazo-4-anisalaminonaphthalene, first studied by Vor¬ 
lander, Kreiss, and Kuhrmann. 65 

The observation of mesomorphs is readily carried out with a hot stage 
if care is taken to avoid too rapid heating or cooling. Special microscopes 
for the study of “liquid crystals” have been constructed by some European 
manufacturers according to specifications by Lehmann. Usually, the 
microscope stage is fitted with a small gas jet which is used to heat the 
microscope slide bearing the substance under examination. A very simple 

flS D. Vorlander, Trans. Faraday Soc., 29, 913 (1933). 

64 C. Weygand and R. Gablcr, Nalurwissenschaflen, 27, 28 (1939). 

« D. Vorlander, G. Kreiss, and C. Kuhrmann, Z. angew. Chem., 43, 13 (1930). See 
also D. Vorlander, Chemische Kristallographie der FlussigkeiUn, Akadem. Verlagsgesell- 
schaft, Leipzig, 1924. 
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heating device was used by Bernal and Crowfoot. 66 It consisted of a mov¬ 
able stage, across the central aperture of which was stretched a Nichrome 
wire which could be heated by the current from a battery or transformer. 
The specimens were prepared by fusion, using a microscope cover glass for a 
support and a wedge-shaped splinter of cover glass, 10 millimeters long and 
1 millimeter wide at its wider end, as a cover. When the heated wire was 
placed across the wedge, a sharp temperature gradient—up to 100° C. or 
more—was obtained in the width of the microscope field in which all the 
phases of the substance could be simultaneously viewed in equilibrium. 
Bernal and Crowfoot also used strips of mica as covers; the mica has a 
marked orienting effect on nematic mesomorphs. Observations of un¬ 
covered surfaces can conveniently be made with this apparatus. Although 
this arrangement is no more suited to the exact determination of transition 
points than is the Lehmann microscope, it does enable the phenomena as¬ 
sociated with the smectic and nematic states to be observed much more 
easily than is possible with a hot stage of the type used for melting-point 
determinations. 

The differentiation between nematic and smectic mesomorphs is not 
too difficult after some experience has been gained by working with known 
substances. The following is a guide to the principal differences between 
the two states when observed under a microscope, within the temperature 
range of stability: the nematic mesomorphs are much more fluid than 
smectic mesomorphs, and are markedly oriented by solid surfaces, in 
contrast to the behavior of smectic mesomorphs which are not so oriented. 
When the nematic mesomorph is formed by cooling the true (isotropic) 
liquid, it first appears in anisotropic droplets of circular contour, while 
angular bodies ( bdtonnets ) are characteristic of the smectic state under 
similar conditions. The nematic state in bulk is often isotropic when qui¬ 
escent; but movement causes alignment of the thread-like aggregates, 
with the production of strong anisotropy, and, in the case of colored sub¬ 
stances, dichroism. Uncovered layers of smectic mesomorphs show a ter¬ 
raced structure; thus, thallous soaps exhibit the layer structure known as 
“Grandjean’s terraces,” and many other smectic substances exhibit a cu¬ 
rious terraced structure of droplets known as gcnUtes & gradins. Smectic 
mesomorphs in thin layers between a microscope slide and cover glass often 
exhibit a characteristic focal conic structure. This behavior is very 
clearly shown by ethyl p-azoxybenzoate between 114° and 120° C. 

During the last few years, much valuable work has been done by Wey- 
gand and his collaborators, Gabler, Bircan, Lanzendorf, and Hoffmann, on 
new compounds exhibiting thermal mesomorphism, and on the influence 


•• J. D. Bernal and D. Crowfoot, Trana. Faraday Soc., 29, 1032 (1933). 
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study of these new compounds will add to our 
morphism. 

Loss of Solvent of Crystallization 

Tto „ b „, *—•- of«. 

phase containing a smaller molecular proportion of solvent of crystalhza- 

tl0 The presence of a low-boiling solvent of crystallization may often be 
detected by heating some of the substance in a capillary ^^ the Uppe 
part of which is kept cold. Condensed droplets may be tested by the r 
solvent action on different highly colored materials. For example, crysta 
of potassium permanganate yield an intense purple solution with droplets 
of water, a weak purple with methanol, a faint purple with ethanol, and 
no color at all with benzene. Many simple unsulfonated azo dyes are in¬ 
soluble in water, but are very soluble in alcohols, and may also be used as 
indicators. Another useful way of detecting solvent of crystallization is 
by heating the crystals under a heavy aliphatic hydrocarbon, such as 
Petrolatum liquid u.s.p. XIII. As the solvent is driven off, it forms bubbles 
in the immersion liquid. If a substance crystallizes in the same form from 
a number of different solvents, it is almost a certainty that no solvent of 
crystallization is present. 

Thermal Analysis 


The identification of organic compounds by means of a study of their 
melting points, polymorphism, and thermatropic behavior in binary and 
ternary systems has been termed microthermal analysis .“ Binary and ter- 

« C. Weygand and R. Oabler, J. prakt. Chem., 151, 215 (1938); Naturwissensehaften, 
27, 28 (1939); Z. physik. Chem., B47, 148 (1941); J. prakt. Chem., 155, 332 (1940). 
C. Weygand, R. Gabler, and N. Bircan, ibid., 158, 266 (1941). C. Weygand and W 
Lanzendorf, ibid., 155, 221 (1938). C. Weygand and J. Hoffmann, Z. physik. Chem.. 

B50, 124 (1941). .' _ _ 

« L. Kofler and A. Kofler, Mihro-Methoden zur Kennzeichnung organische btoffe unri 

Stoffgemische . Universit&taverlag Wagner, Innsbruck. 1948. 
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nary systems are studied by means of Kofler’s contact method. 69 

A square cover glass is placed on an object slide. Some of the first sub¬ 
stance is placed by the left-hand edge of the cover (A, in Fig. 10). It is 
melted so that it flows under approximately half of the cover and is then 
allowed to solidify. The second substance is placed at the top edge of the 
cover, marked B in the figure, and is melted so that it flows under the other 
half, C, of the cover. It dissolves some of the solid substance A in the 
zone of contact, whereby the two substances are enabled to form such eutec¬ 
tics, molecular compounds, and mixed crystals as are possible with the sys¬ 
tem. The melting points and transformation points of the various phases 
are then studied with the hot-stage microscope. It is advantageous to 
observe the thermotropic effects between crossed nicols with polarized 
light, when a liquid eutectic zone appears as a dark stripe between two 



Fig. 10.—Kofler’s contact preparation. 


bright (birefringent) solid regions. When a molecular compound is 
formed, there may be as many as five separate strips: substance A ; eutec¬ 
tic of A and molecular compound AB ; molecular compound AB; eutectic 
of AB and substance B; and substance B. Volume I of Kofler’s book 
gives man}' examples of these and other possibilities and many more are 
catalogued in the tables of Volume II. 

A new microscope technique for estimating the purity of an organic com¬ 
pound has been given by McCrone and coworkers 70 who found that the 
rate of crystallization of a substance from its melt at any given temperature 
is a function of its purity. They applied the method to the determination 
of the percentage of p,p'-DDT (or 2,2-bis-p-chlorophenyl-l,l,l-trichloro- 
ethane) in technical DDT, by comparing the rate of crystallization of a 
fusion preparation at various temperatures with those of similar prepara¬ 
tions of various known mixtures of p,p'-DDT and o,p'-DDT. 

89 A. Koflcr, Z. phys. Chem., A187, 363 (1941); Xalunvissenschaften, 31, 533 (1943). 
A. Kofler, loc. cit., pp. 123-176. 

70 W. McCrone, A. Smedal, and V. Gilpin, Ind. Eng. Chem., Anal. Ed., 18,578(1946). 
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3. Optics of Transparent Crystals 


A. 


CRYSTAL SYSTEMS 


Although a knowledge of geometric crystallography is a necessary foun¬ 
dation for the study of crystal optics and for success in chemical micros- 
rnnv an adequate presentation of the subject would require fa 
spale than is available here. The reader is therefore referred to the follow¬ 
ing chapter, “Determination of Crystal Form” by M. A. Peacock, an 
the standard works on crystallography and mineralogy cited under genera 
referenced at the end of this chapter. It is sufficient for our present pur- 
noses to classify crystals in seven systems arranged in order of descendi g 
symmetry, an order which is logical in the study of the optical properties of 
crystals, as these properties become more complex as the symmetry be¬ 
comes lower. 

( 1 ) Cubic, having three equal axes mutually at right angles, (ai 

* (2) a*'Rhombohedral, or Trigonal, having three equal crystallographic 
axes equally inclined at an angle other than a right angle. This system 
which is characterized by a trigonal axis of symmetry, is often included m 
the hexagonal system by mineralogists and crystallographers. (a, 

01 (S)^'Hexagonal, having three equal axes mutually at 120° in a plane, 
with a longer or shorter axis perpendicular to this plane. 

U) Tetragonal, having two equal axes and a third axis longer or shorter 
than these two. The three axes are mutually at right angles, (ai = 

a2^c, « = 0 = 7 = 90 °.) # 

(5) Orthorhombic, having three unequal axes mutually at right angles. 

(c < a <b or a < b < c, a = 0 = y = 90°.) 

(6) Monoclinic, having three unequal axes; a and c make an obtuse 
angle 0 in a plane which is perpendicular to the b axis, (a f 4 b c, 0 > 

90°, a = y = 90°.) . . . . 

(7) Triclinic, having three unequal axes inclined at unequal angles. 


B. HABIT, DISTORTION, AND TWINNING 

It is to be emphasized that crystallographic symmetry is determined by 
the lattice structure of the crystal; the external geometric shapes of a 
number of crystals of the same substance may differ greatly among them¬ 
selves, although the angles between corresponding faces on the different 
crystals are constant for that substance. Some factors which change the 
external shape are: 
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(/) Variations in the development of different forms may completely change the 
shape of crystals of a given compound. A striking example, familiar to students of 
mineralogy, is that of calcite which occurs naturally in acute and obtuse rhombs, 
hexagonal prisms, and many types of scalenohedra. All these geometric forms are 
built from the same unit rhombohedron of calcite as is readily shown by their iden¬ 
tical cleavage and optical properties, and by x-ray diffraction methods. Variation 
in the forms developed on crystals of a given compound are often due to variations 
in the solvent from which they were crystallized, or even to the presence of a foreign 
substance in the mother liquor. Three well-known examples are those of sodium 
chloride, which normally develops only cubic |100) faces, but develops octahedral 
I 111 I faces when grown from solutions containing a high concentration of urea; 
potash alum, normally octahedral, which develops {100 j faces when grown from 
solutions to which some sodium hydroxide has been added; and the normally 
octahedral lead nitrate which develops {100 J faces when grown from solutions 
saturated with methylene blue. Crystal habit is also greatly influenced by the 
rate of growth of the crystals. Rapid growth from supersaturated solutions tends 
to make crystals grow fastest at their edges, so that relatively few faces form. 

(£) Different faces of the same form may develop unequally and so give rise to 
“distorted” crystals. This is usually the case when crystals grow in contact with 
u surface, such as the bottom of a beaker or crystallizing dish. 

(3) Under certain conditions it is not easy to recognize multiple twinning. 
The tw inned crystals may simulate higher symmetry than that of the untwinned 
crystals. Two main types of multiple twinning may occur: multiple twinning 
on a pinacoid is known as polysynthetic twinning; multiple twinning on a prism 
produces cyclic twins. 

The general shape of a crystal, as governed by the relative development of certain 
forms, or of particular faces of one form, is referred to as the crystal habit. 

C. POLARIZED LIGHT 

In studying the optical properties of crystals we are concerned with the wave 
nature of light. Light consists of transverse electromagnetic waves; by virtue 
of the transverse nature of these waves they possess a vector property known as 
polarization. As ordinarily emitted by the sun or a lamp, light consists of a mix¬ 
ture of waves having every possible vibration plane: it is, however, possible to 
polarize light so that every ray has the same vibration direction. In former times, 
the plane of polarization was defined as the plane of incidence in which the polarized 
light was most copiously reflected. This plane is at right angles to the direction of 
the electrical vibrations, which are now recognized as being responsible for 
the chemical and photographic effects of light; consequently, the vibration plane 
of polarized light is defined as the direction of the electric vector. Wood 71 uses the 
term “plane of polarization” as synonymous with the vibration plane, a very 
desirable procedure which is not yet followed in all works on mineralogy and 
petrography. 

71 R. W. Wood, Physical Optics. 3rd ed., Macmillan, New York, 1934, p. 329. 
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D . OPTICALLY ISOTROPIC CRYSTALS 

Crystals of the cubic system in general are opti«Uy isotropic, that is to.say, 

stated that a flat plate of an isotropic substance does not affect the plane o P 
rntion of light passing perpendicularly through it, so that a flat plate of an 1 P 
.“SLtdoinot brighten the microscope field with crossed 
of rotation of the stage. This is true no matter what the onentat.on o &P 
is with respect to the crystal axes. However, steeply inclined interfaces ca 
rotate the vibration plane to an extent dependent on the v.brat.onazimuthfth^ 
incident light, so that such interfaces may appear gray or white between crossed 

nicols. 


E. 


OPTICALLY ANISOTROPIC CRYSTALS 


Crystals of the remaining six classes of crystal symmetry possess the property of 
double refraction, whereby light passing through such crystals is, «“ *®“™> 
solved into two beams, polarized at right angles, which travel through the crystal 
at different velocities. The velocity of light in any medium is inversely propor¬ 
tional to the refractive index of that medium. If n is the refractive index of that 
medium, V the velocity of light in it, and V. the velocity of light in air, then: 


n 


VJV 


( 3 ) 


Consequently, it may be stated that, in general, an optically anisotropic crystal 
has two refractive indices for each and every ray direction other than along an optic 
_• 

Optically anisotropic crystals form two principal groups, known as uniaxial and 
biaxial, respectively. There are various ways of representing the optical properties 
of these two classes of crystals. The best known geometric construction is 
Fletcher’s 72 optical indicalrix, in which the ray and wave-normal surfaces are 
derived from an ellipsoid of revolution for uniaxial crystals and a triaxial ellipsoid 
for biaxial crystals. The ray-velocity surface is a three-dimensional representa¬ 
tion of the two velocities corresponding to each ray direction; the wave-normal- 
velocity surface represents the pair of velocities for each wave-normal. The 
logical construction for the purposes of the crystallographer and chemical micros- 
copist, however, is the surface derived by plotting the pair of refractive indices 
for each direction of the wave-normal, since the direction of light traveling 
through a crystal is that of the wave-normal. The relation between a corre¬ 
sponding ray and wave-normal direction is shown diagrammatically in figure 11. 


7 * L. Fletcher, The Optical Indicalrix. Frowde, London, 1892. 
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We shall now consider the wave-normal-refractive index diagrams for the two 
groups of optically anisotropic crystals. 



Fig. 11.— Corresponding ray and wave- 
normal directions. 




Fig. 12.—Refractive-index-wave-nor- 
inal surface of positive and negative 
uniaxial crystals. 


Uniaxial Crystals.—With crystals of 
the tetragonal, trigonal, and hexagonal 
systems, one of the sheets of the wave- 
normal-refractive index surface is a 
sphere, as in an optically isotropic 
medium; the other is an ellipsoid of 
rotation which touches the sphere at the 
poles of its axis. Its equatorial diam¬ 
eter may be greater or less than that of 
the sphere, in which cases the crystals 
are said to be positively or negatively 
uniaxial, respectively (Fig. 12). The wave 
with the spherical front is known as the 
ordinary ray, since it obeys the ordinary 
(Snell’s) law of refraction; consequently, 
in our wave-normal-refractive index dia¬ 
gram the radius of the sphere is known 
as the ordinary refractive index and is 
usually represented by the symbol n u or 
its abbreviation, o». The wave with the 
ellipsoidal front is known as the extraordi¬ 
nary ray, since it does not in general obey 
Snell’s law because of the difference be¬ 
tween the ray and wave-normal direc¬ 
tions. The refractive index for the ex¬ 
traordinary ray varies from along the 
optic axis to its maximum or minimum 
value of n„ or €, at the equator of the 
ellipsoid. The intermediate values of the 
refractive index are sometimes designated 
n e . If the wave-normal of an inter¬ 
mediate ray makes an angle 0 with the 
optic axis of the crystal, the refractive 
index of the crystal for the extraordinary 
ray is given by: 

= 

\/[«’»7(«* cos* e + sin* fi)] (4) 

Since there is but one refractive index 
along the optic axis, light is transmitted 
in this direction through a crystal without 
modification. 
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S2ltS in Part II, Chapter XXIII, “Polnrimetry,” by W. Heller. 



A very important and easily memorized rule is that the extraordinary ray vibrates 
in the plane of the optic axis, which in turn coincides with the c crystallographic 

axis of trigonal, tetragonal, or hexagonal symmetry. . . 

Biaxial Crystals—The refractive index-wave-normal surface of a biaxial 
crystal is more complicated than that of a uniaxial crystal. It is shown dia- 
grammatically in figure 13, which should be traced on tracing paper, cut, and folded, 
as indicated on the diagram, to yield one octant of a three-dimensional representa¬ 
tion. The folded diagram should look like figure 14. In this diagram, the three 
coordinate axes, X, Y, and Z, are the principal vibration directions corresponding 
to the smallest, intermediate, and highest refractive indices, which are designated 
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n at np, and n r , respectively. (Winchell uses the symbols N p , N m , and N 0 .) The 
abbreviations a, 0, and y should not be used unless the context makes it clear that 
the angles between the a-, 6-, and c-axes of a triclinic crystal are not being referred 



Fig. 14.—Refractive-index-wave-normal surface 
of biaxial crystals (folded diagram). 


z 



Fig. 15 .—XZ plane of refractive-index-wave-nonnal 
surfaces showing the primary optic axes of a biaxial crystal. 

to. The most important principal plane of our refractive index diagram is the 
XZ plane, shown in full in figure 15. It consists of a circle of radius np which cuts 
an ellipse which has a semimajor axis of ny and a semiminor axis of r»a at points 
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velocity of the waves ellipse having a semimajor axis of l/n« 

have a circle of radius 1/y which c !2 and S* (Fig 16). The directions 

2. iLys which travel 

£5h“ crystal along a secondary optic axis deviate according to the.r plane 



notarization; the rays for all possible planes of polarization form a hollow cone of 
smaUangle which dfverges from the point of emergence. This effect is known a 
eZnal conical refraction. In a solid model of the ray-veloc.ty surface, .t can be 
seen that the four points of emergence of the secondary optic axes are in conical 
depressions, "dimples,” in the surface. A plane surface tangent to the ray surfac 
in these locations makes contact everywhere in a ring; this means that all the rays 
within a hollow cone have the same wave-normal. This effect is known asinfenrn 
conical refraction. The angle of the cones is very small in most minerals and 
inorganic crystals, but may be large with crystals of aromatic compounds havi t 
extremely large values of K - n„) and a large value of 2V. The P'“ ena 
of external and internal conical refraction are of no practical significance in petrol 

raphy and chemical microscopy. _ » 

The optic axial angle is expressed as 2V, where V is the angle between an optic 
axis and the principal vibration direction X or Z, whichever is the nearer. It is 
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nearer to X for negative biaxial crystals and nearer to Z for positive ones- this 
is equivalent to stating that for negative biaxial crystals ( n y - n 0 ) is less’ than 
\ n P — n<x) and for positive ones, greater. 

The principal vibration directions in the plane of the optic axes are known as the 
bisectrices or median lines. The acute bisectrix, Bx a , or first median line, makes 
an acute angle with each optic axis; it is X for negative and Z for positive crystals 
The obtuse bisectrix, Bx ol or second median line, is Z for negative and X for positive 
crystals. In orthorhombic crystals the principal vibration directions, X, Y, and 
Z coincide with the crystallographic axes. In monoclinic crystals one of the 
principal vibration directions coincides with the crystallographic ortho-axis b 
whereas in triclinic crystals the principal vibration directions are without necessary 
relationship to the directions of the crystallographic axes. 

The relation between V and the principal refractive indices is readily derived 
from the refractive index-wave-normal diagram in figure 9, in which the elliptical 
curve has the following equation in polar coordinates: 

cos 2 0 . sin 2 0 1 

— + — = r* H) 

For a negative crystal V is the angle XOA. For a positive crystal it is the angle 
ZOA. If we call these angles V n and V 9t respectively, we have: 

cos 2 V„ sin 2 F„ 1 sin 2 V p cos 2 V, 

~^~ + — -r--^r-+-zr t ( 5 ) 

Solving for V n and V 9 : 

Sin 2 V n - COS 2 V p = a 2 ( 7 2 - - a 2 ) = 

(tV“ l)/(W« f - 1) ((5) 

When 7 is less than 0.1 greater than a, we may assume that a 2 (y + 0) = 0 
(7 + a) and obtain the simple approximate formula: 

sin* V n = cos* V, = (7 - 0 )/(y - a ) (7) 

F. INTERFERENCE COLORS 

An important property of doubly refracting crystals is that they exhibit inter¬ 
ference effects in polarized light when three conditions are satisfied: the light enter¬ 
ing the crystal must be polarized; the crystal must be so oriented that it splits 
the light into two beams, vibrating in planes at right angles, which traverse the 
crystal with different velocities; the emerging beams must be brought into the 
same plane of vibration by means of another polarizing prism, which is termed the 
analyzer when used for this purpose. This interference is easily understood by 
means of vector diagrams. In figure 17, the amplitude and vibration plane of a 
polarized light wave are represented by the length and direction of vector A. This 
wave is resolved into two waves (represented by vectors B and C) vibrating at right 
angles by the crystal. Vectors B and C are resolved in the vibration plane of the 
analyzer, which in this diagram is taken as being perpendicular to that of A, and 
we get vectors D and E. In figure 18, the analyzer plane coincides with that of A. 
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The former case is that of crossed = OE^OA^e Zo, 

We must now consider the effect o thickness of the crystal is 

• 3*5 —- - -— 




Fig. 17 .—Vector diagram for crossed 
nicols. 


Fig. 18 .—Vector diagram for par¬ 
allel nicols. 


is I(n. - n,). For our present purpose we are interested in the phase difference, 
6. Expressed in degrees: / R \ 

5 = 360I(n 2 - n,)/X W 

where X is the wave length of the light. In order to determine the amplitude of the 
light emerging from the analyzer we make use of another simple vector gr . 
The case of crossed nicols is shown in figure 19. One of t e vec rsi 
an angle, 5, to give vector E'. The vector sum of E and D is F, vvhose scalar, 

distance OF, is the required amplitude: 

OF = 20 A • sin 0 cos 0 sin ^ ® 

If d is varied with 8 remaining constant, OF is a maximum for 0 = 45°. This 
position of the crystal is known as the 45° or diagonal posdwn. In this position, 

OF = OA -sin Since the intensity of light is proportional to the square of the 

amplitude, we may write: 

I = h sin* | = 1.(1 - cos S)/2 


( 10 ) 
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where /„ is the original intensity and I that transmitted by a crystal, having a 
phase retardation 8, between crossed nicols. It will be noticed that OF becomes 
zero for all values of 5 when 0 = 0°, 90°, 180°, and 270°; hence, when a crystal 
is rotated between crossed nicols through 300°, there are four positions in which 
light is not transmitted. These are known as the extinction positions. We shall 
now consider the effect of varying 8 with 0 remaining constant. When 8 is 0° or 

360 , sin - is zero, so that OF is zero. The maximum value of OF occurs for 

8 - 180°, or for any number of complete revolutions plus 180°; this may be ex¬ 
pressed as 8 = (2n + l)x radians for maximum transmission and 8 = 2mr for 
darkness. 



Fig. 19.—Vector sum for 
crossed nicols. 


E 



Fig. 20 .—Vector sum for par¬ 
allel nicols. 


The case of parallel nicols is treated in figure 20. As before, vector E is retarded 
by an angle, 8, to give vector E', which when added to D gives F, whose scalar, the 
distance OF, is the amplitude of the transmitted wave. 

OF = \/[sm 4 0 + cos 4 0 + 2 sin 2 0 cos 2 0 • cos 5) (11) 

This expression can only equal zero when two conditions are simultaneously ful¬ 
filled, namely, cos 8 = — 1 and 0 = 45°. For 0 = 0°, 90°, 180°, and 270°, OF = 1, 
which means that the maximum light is transmitted. We obtain the following 
expression for the light transmission of a crystal in the 45° position between parallel 
nicols: 

I = 7 0 (1 + cos 8)/2 = / 0 cos 2 ^ (12) 

It will be noted that the sum of the intensities transmitted by crossed and by 
parallel nicols is /<>. Since this is true for all values of 8, it follows that the inter¬ 
ference colors obtained in the two cases are exactly complementary. As a practical 
example of the use of the above formulas, a comparison is given in table IV of the 
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transmissions of optic normal sections of benzil and quartz, 30 M thick, between 
crossed nicols. 


Table IV 


Transmission of Benzil and Quartz between Crossed Nicols 


__ 

Benzil 


Quartz 


X, mp 

~~420 

450 

500 

550 

600 

650 

• — *■* 

0.0000 

0.0074 

0.0138 

0.0175 

0.0201 

0.0216 

6 

0° 

178° 

298° 

344° 

362° 

359° 

///• 

0.000 

1.000 

0.265 

0.019 

0.000 

0.000 

• — <*» 

0.0094 

0.0094 

0.0093 

0.0092 

0.0091 

0.0090 

a 

242° 

226° 

201° 

187° 

164° 

150° 

HU 

0.745 

0.847 

0.967 

0.996 

0.981 

*0.933 


The results in table IV are plotted in figure 21, which clearly shows that the benzil 
, T ' mita nractically only the blue, while the quartz section of the same thickness 
™!u most of the spectrum and appears a slightly yellowish white. The trans 
mLion maximum of benzil is not 100% because of absorption of the extraordinary 
ray ; this is indicated by the dotted lines in the figure. 



pig 21.—Transmission of 30 m optic normal 
sections of quartz and benzil between crossed 
nicols. 


When a wedge of a doubly refracting crystal is examined between crossed nicols 
with monochromatic light of wave length X, it extinguishes the light at positions 
where the retardation is an integral number of wave lengths. If the angle of the 
wedge is B, the refractive indices are n, and n,; then the spacing, d, of the frmges 
which cross the wedge is given by: 

d = X/(n, - rh) tan 6 


(13) 
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If (ni — nj) were the same for all values of X, d would be directly proportional to 
X. Such a wedge, when examined between cross nicols with white light, would 
present Newton's color scale, which is the order of the interference colors shown by 
reflection from an air gap between two plane glass surfaces in contact at one edge 
and separated by about one micron at the opposite edge. The interference colors 
shown by a trace of lubricating oil on a wet road very nearly follow Newton’s color 
scale; the very slight departure is caused by the dispersion of the oil. With crystals, 
the dispersion of birefringence may be very large and the departure from Newton’s 
color scale considerable. When d is greater for shorter wave lengths than for longer 
ones, the interference colors are said to be anomalous, as in the case of benzil dis¬ 
cussed above. This subject is discussed further under the heading of dispersion 
(page 908). 

G. POLARIZING PRISMS 

It will be sufficient for our present purpose to consider the action of the square- 
ended polarizing prism constructed of calcite so oriented that its optic axis is per¬ 
pendicular to the length of the prism. This category includes the Glan-Thompson 



Fig. 22.—Glan-Thompson prism. 


and Glazebrook prisms 73 which differ only in regard to the direction of the optic 
axis of the calcite with respect to the diagonal film of low-index cement. In figure 
22a, the calcite is cut to yield a square prism of calcite, ABCD, A'B'C'D'. The 

73 R. Glazebrook, Phil Mag., 15, 352 (1883). S. P. Thompson, ibid., 12,349 (1881); 
21, 476 (1886). P. Gian, Reportorium Exptl.-PhysiJc (Carl's), 16, 570 (1880). 
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0Ptl , .*... ^ " ®f£z=i£il , 235 , t £ — 

called Glan-Thompson p Hir^rtion AC or £D. 74 The prism of calcite is 

rsf ~^ B “ ch 4 L ° mh 

r«“ JZTiZ, SSZi“bS— ■» n. ph» t«* w*- ™ e ;; 

K53S*#> 1 -4864/1-6684, that », »#> 6J.7-. O- «• »— ”» 

be totally reflected. In practice it is absorbed by a 
black varnish on the vertical sides of the prism. 

However, when CBC' is exactly 63.7°, only rays in¬ 
clined towards BC' will be polarized, since only for 
these rays will 0 exceed 63.7°. In actual construc¬ 
tion, therefore, the angle is increased. It can be 
shown that the prism has its widest angular aperture 
when CBC' is about 76.1°, but this means a prism 
having a length to width ratio of about 4:1, which 
is often inconveniently long. Glan-Thompson prisms 
used for top-analyzers and other similar petrographic 
uses have a length to width ratio of 2.75:1, which 
means a value of CBC' of 70°. 

The Ahrens’ prism, 74 which is so widely used in 

petrographic microscopes, is shown in figure 23. It 

has twice the width of face compared with a Glan-Thompson prism of equal length 
and so is equivalent, as illustrated by the broken lines in the figures, to four Glan- 
Thompson prisms of equal length placed side by side. 

Optical Dispersion 


1 

1 

T\ 

1 


1 

/ 1 \ 

1 


1 


1 


1 


1 

1 

/ ! \ 

• 



Fig. 23.—Ahrens’ prism. 


A. DISPERSION OF REFRACTIVE INDEX 

The refractive index of any substance depends on the wave length of the trans- 
mitted radiation. This property is known as the dispersion of refraction, and is 
possessed by all substances in varying degree. Dispersion of refraction is often 
expressed as the inverse relationship: 

f = (n D - 1 )/(n, - n c ). (14) 

74 See E. E. Jelley, J. Roy. Microscop. Soc., 62, 93 (1942). 

76 W. M. D. Bryant, /. Am. Chem. Soc., 65, 96 (1943). 

76 C. D. Ahrens, J. Roy. Microscop. Soc., 1886, 397. 
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where n n , n r , and n c are the refractive indices for the sodium D (X = 5893 A.), 
hydrogen F (X = 4861 A.), and hydrogen C (X = 6563 A.) lines. However, the 
constant v does not take into account the shape of the dispersion curve: two 
substances might have the same values of n D and v and yet have different re¬ 
fractive indices for the extreme red and violet ends of the spectrum. The principal 
refractive indices of uniaxial and biaxial crystals are usually subject to differing 
degrees of dispersion. 

B. DISPERSION OF BIREFRINGENCE 

The birefringence of a crystal may be expressed as the difference between the 
two refractive indices for light traveling in any given direction through it. This 
means that the birefringence of a crystal is a function of the ray direction. In the 
case of uniaxial crystals, the dispersion of birefringence is very nearly independent 
of ray direction and for all practical purposes may be considered as constant. 
Theoretically, a slight deviation is possible with crystals possessing widely different 
values of n w and n«, together with widely different dispersions of the two principal 
refractive indices. With biaxial crystals, both the birefringence and the dispersion 
of birefringence are dependent on ray direction. This is particularly true of the 
dispersion of birefringence of crystals viewed in a direction close to that of an optic 
axis, as the directions of the optic axes of biaxial crystals may vary considerably 
with change of wave length. For this reason, a measurement of the birefringence 
of a biaxial crystal is useless unless the orientation of the direction of viewing with 
respect to the wave surface is also recorded. 

C. DISPERSION OF OPTIC AXES 

The directions of the two optic axes of a biaxial crystal are usually different for 
different wave lengths. The nature and extent of this dispersion of the axes is of 
considerable importance in identifying organic compounds. 

Two different effects may be combined in the dispersion of the optic axes. The 
first of these effects is a change of optic axial angle with change of wave length, and 
is best referred to as “differential dispersion of indices” since the optic axial angle is 
governed by the ratio of the three principal refractive indices. If the dispersion of 
one of the indices differs markedly from the other two, the crystal may be uni¬ 
axial at a specific wave length, whereby crossed axial plane dispersion must result. 
Further, it is possible for a biaxial crystal to change sign. This occurs when 2V 
passes through 90°. The second effect, which can be present only with monoclinic 
and triclinic crystals, is a dispersion of the principal vibration directions of the wave 
surface. 

Orthorhombic Dispersion.—With orthorhombic crystals, the dispersion of 
the optic axes is due solely to differential dispersion of the principal indices of 
refraction, as the principal vibration directions are constant for all wave 
lengths. All three of the principal vibration directions of orthorhombic crys¬ 
tals coincide with crystallographic axes, consequently, orthorhombic dis¬ 
persion is characterized by the fact that the optic axial plane does not change, and 
the two axes converge or diverge equally with change of wave length. There are 
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- 72.12 

may be mentioned p-nitrobenzaldehyde, 77 picrates of various ainina the> h.gh- 
temperature polymorphs of o-dinitrobenzene and 1 , 8 -dimtronaphthalene, and 

low-temperature form of dibenzoylmethane.' 9 # . ., , ... 

The wave length for which the crystal becomes uniaxial may vary widely with 
change of temperature if all of the principal refractive indices are fairly close 

t0 Mo h nocUnic Dispersion.-This is characterized by the fact that only one of 
the principal vibration directions must necessarily coincide with a crystallo¬ 
graphic axis for all wave lengths. The particular crystallographic axis is that 
which is at right angles to the plane of the other two, and is called the ortho- or 
6-axis. Any one of the three principal vibration directions of the wave surface 
may be coincident with the b crystallographic axis, so that three principal types of 

dispersion result. , t . . .. . 

Case 1. Crossed Dispersion.- This type of dispersion results when the acute 

bisectrix (X of negative, and Z of positive crystals) is fixed, whereby the plane of 
the optic axes rotates about the acute bisectrix. Mitchell and Bryant 78 have re¬ 
cently found a number of amine picrates which exhibit this property in marked 

Case 2. Horizontal Dispersion.— This type of dispersion results when the obtuse 
bisectrix (X of positive, and Z of negative crystals) is fixed. This results in the 
plane of the optic axes being displaced horizontally in the acute interference figure. 
It should be noted that a substance which shows horizontal dispersion of the axes 
in the acute figure must show crossed dispersion in the obtuse figure and vice versa, 
so that, in the special case where axial angle 2V is 90° for some particular wave 
length, the birefringence changes sign, and the two acute interference figures show 
horizontal and inclined dispersion, respectively. A good example of this effect is 
provided by stilbene, 78 which shows horizontal dispersion in the visible spectrum 
down to 4070 A., and crossed dispersion in the ultraviolet. 

Case S. Inclined Dispersion— Inclined dispersion results when the normal to 
the optic plane (T) is fixed. Both acute and obtuse interference figures show 
displacement in the plane of the optic axes. Good examples of inclined dispersion 
are provided by o-nitroacetanilide, 80 and hexamethylenetetramine pi crate. 7 " 

77 N. H. Hartshome and A. Stuart, Crystals and the Polarising Microscope. Arnold, 
London, 1934, p. 197. 

78 J. Mitchell, Jr., and W. M. D. Bryant, J. Am. Chem. Soc., 65, 128 (1943). 

79 E. E. Jelley, unpublished work. 

80 E. E. Jelley, J. Roy. Microscop. Soc., 56, 101 (1936). 
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In addition to the dispersion of the principal vibration directions, the optic axial 
angle also may vary with change of wave length, so that the interference figure may 
be quite complex when viewed with white light. It is theoretically possible for the 
optic axial angle to become zero at some point in the spectrum, and then to increase 
in a direction at right angles. This would result in a modified form of crossed 
axial plane dispersion in which inclined dispersion would become horizontal and 
vice versa. However, crossed dispersion would remain crossed dispersion under 
these conditions. Perhaps the finest example of monoclinic crossed axial plane 
dispersion is a,a'-dipyridyl which was recently studied by Bryant. 81 This sub¬ 
stance is uniaxial at about 4150 k., and exhibits horizontal dispersion for shorter 
wave lengths and inclined dispersion for longer wave lengths. The various types of 
monoclinic dispersion are summarized in table V. 


Table V 

Types of Monoclinic Dispersion 


b — 

Sign 

Acute 

Obtuee 

Acute* 

Obtuse* 

X 

— 

Crossed 

Horizontal 

Crossed 

Horizontal 

X 

+ 

Horizontal 

Crossed 

Inclined 

Inclined 

Y 


Inclined 

Inclined 

Horizontal 

Crossed 

Y 

+ 

Inclined 

Inclined 

Horizontal 

Crossed 

Z 


Horizontal 

Crossed 

Inclined 

Inclined 

Z 

+ 

Crossed 

Horizontal 

Crossed 

Horizontal 


• After crossed axial plane dispersion has taken place. The obtuse bisectrix changes 
place with Y. 


Triclinic Dispersion.—With triclinic crystals, all three principal vibration 
directions of the wave surface may vary with change of wave length. Since 
the axes of the wave surface bear no relationship to the crystallographic axes, 
the dispersion of the principal vibration directions has no element of symmetry, 
so that the acute interference figure could present the appearance of a mixture of 
horizontal and crossed, horizontal and inclined, etc., monoclinic dispersion. Dis¬ 
persion of the optic axial angle also occurs, and crossed, axial plane dispersion is 
theoretically possible where the axial angle becomes zero for some particular wave 
length. The dispersion of the optic axes would possess the characteristic asymme¬ 
try of the triclinic system at wave lengths both longer and shorter than the point 
of uniaxiality. So far as the author is aware, triclinic crossed axial plane dispersion 
has not yet been observed, but it must be remembered that a small measure of mono¬ 
clinic or triclinic dispersion combined with crossed axial plane dispersion can only 
be detected by careful measurements in monochromatic light of various wave 
lengths. 

Change of Sign in Uniaxial Crystals.—In uniaxial crystals, the direction of 
the optic axis is constant for all wave lengths, so that in a centered uniaxial 
interference figure differential dispersion of the ordinary and extraordinary rays 
gives rise to a departure from the “Newton’s rings” series of colors. It is 
possible for the dispersion of the lesser refracted ray to be so much greater than that 


81 W. M. D. Bryant, J. Am. Chem. Soc ., 63, 511 (1941). 
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F i g 24.—Retardation of 70 „ Bx. plat* Fig. 25.-Transmission of 7 m B*. plate of 

of brookite. brookitc. 


type of dispersion of birefringence which has been dealt with above. The trans¬ 
mission curve of a plate of benzil showing an anomalous blue is given in figure 21. 

{2) The birefringence of the crystal for the blue end of the spectrum is very 
much higher than that of the red end (at least twice as much). Such dispersion is 
sometimes observed in substances having strong absorption in the violet or near 
ultraviolet. A crystal of such a substance just thick enough to have a half-wave 
retardation in the blue would have such a low retardation for green and red that it 
would appear a fairly bright blue between crossed nicols. 

(5) Biaxial substances having crossed axial plane dispersion with uniaxiality 
in the yellow or green usually show a very much more rapid divergence of the optic 
axial angle on going to shorter wave lengths than on going to longer ones. As a 
consequence, thin crystals of such a substance viewed along their acute bisectrix 

•* E. E. Jelley, Phot. 74, 514 (1934). 

* The author is indebted to Dr. Cutler D. West for drawing attention to the fre¬ 
quency with which anomalous colors are exhibited by minute crystals of yellow, orange, 
and red substances, such as picrate salts and nickel dimethylglyoxime, and for sug¬ 
gesting that the phenomenon should be described and explained in this chapter. 
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exhibit brilliant blues and purples because of their high birefringence for the blue 
end of the spectrum. By way of an actual example let us consider brookite, the 
naturally occurring orthorhombic form of titanium dioxide. Figure 24 gives the 
retardation (in wave lengths) plotted against the wave length for a 70 n acute 
bisectrix plate. These values were obtained from a microspectrogram.* 2 From 
the values in this graph the spectral transmission of a 7-n plate of brookite was cal¬ 
culated, reflection and absorption losses being ignored. The transmission curve is 
given in figure 25, which represents a pure blue, as saturated as that of benzil. The 
actual hue given by a thin plate of brookite, or other substance of that optical type, 
is very sensitive to changes of thickness and of orientation, whereas that of benzil 
is. very much less sensitive to either. 

(0 The fourth type of anomalous interference color is shown by crystals having 
strong monoclinic crossed dispersion. It is due to dispersion of extinction. Many 
of the amine picrates studied by Mitchell and Bryant 7 * show strong monoclinic 
crossed dispersion. The values in table VI are taken from their paper. 

Table VI 


Monoclinic Crossed Dispersion in Amine Picrates 


Picrate 


. Dispersion at X 

- 


6438 

5780 

5461 

5086 

!E 

n-Propylaminc 

2° 

6° 

13° 

• • • 

72° 

Isopropylamine 

5° 

28° 

49° 

65° 

69° 

n-Butylamine 

0° 

1° 

3° 

9° 

54° 

Pyridine (I) 

1° 

5° 

9° 

20° 

35° 


The extinction angle will be rotated through the above angles in crystals viewed 
along, or near to, the acute bisectrix. It will be noted that the dispersion increases 
rapidly for the blue end of the spectrum, so that if a very thin crystal of one of these 
substances were at extinction for red or green light it would appear a brilliant blue 
or violet. This effect is independent of the thickness of the crystal, provided that 
it is thin enough to have a retardation not exceeding about 200 m/i. Unlike the 
other types of anomalous interference color, the hue changes when the microscope 
stage is rotated. 

As types 3 and /, of anomalous interference color are given by acute bisectrix 
orientations, they can only be observed with a narrow cone of illumination. Cono- 
scopic observation, when this can be made, will readily differentiate between the 
four types. 

Molecular Structure and Optical Properties 

Since a crystal of an organic compound consists of a regularly arranged group 
of identical molecules, the shape of the molecule and its polar characteristics play 
a large part in determining the optical properties of the crystal. Rod-shaped 
molecules, such as those of long-chain hydrocarbons and their simple derivatives, 
have a greater refractive index for light vibrating along their length than for trans- 
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verse vibrations. If such molecul* ^ 

the crystal, the crystal is positive 1 P relative to those in an adjacent 

able inclination of molecules m one cr>sta > 1 f stalg built 

layer changes the sign of the birefringence. contains highly 

possess large values for their maximum birefringence (n* - "«)■ Exceptions t 
this general rule may result when molecules in different planesare staggered w.h 
respect to each other. When this occurs, n, and n„ are lower, and n a is Wbi 
is usual for this class of compound. The effect of substituents is of uaHdmbte 
interest, inasmuch as the dispersion of refractive indices and of prmC, P a ‘, hr0 ® 
directions are often greatly modified. Heavy atomic substituents, such 
iodine, and selenium increase both the refractive indices and their dispersion, but 
polar substituents such as amino, nitro, carbonyl, and thiocarbonyl °ften a 5 ect 
the dispersion of the optical properties so strongly that striking abnormalities a e 
exhibited by the crystals. The optical properties of salts of a colored aromatic- 
compound may differ markedly among themselves, a property which is often of 
importance in establishing the identity of a colorless acid or base which itself is not 
well characterized optically but which will yield a crystalline salt with a colored 
base or acid, respectively. 


4. Microscopy of Transparent Crystals 

Preparation of Crystals 

There is no single method of preparing crystals of a substance for optical 
examination which can be adopted as a standardized technique, since there 
is such wide variation in the physical properties of organic compounds. 
It is, however, possible to lay down some general principles as a guide. 

A. CRYSTALLIZATION FROM SOLVENTS 

Among the various ways of crystallizing a substance from a solvent, the 
following are the most useful: 

( 1 ) Slow evaporation of the solvent. This method is useful for re¬ 
crystallizations on microscope slides. The rate of evaporation of very 
volatile solvents can be slowed down by covering the preparation with a 
watch glass. Care should be taken to prevent the absorption of water 
vapor from the air when working with acetone or methanol. An effective 
way of doing this is to allow the evaporation to take place in a desiccator 
containing a drying agent and an evaporating basin half filled with an 
absorbent such as butyl phthalate. Activated charcoal may also be 
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employed for this purpose. The main usefulness of recrystallizations on 
microscope slides is that they are often a rapid means of checking the 
purity of a substance when the impurity has different optical properties. 
However, where the object is to obtain well-formed crystals, it is usually 
better to perform the crystallization in a small beaker. 

(2) Cooling a saturated hot solution. 

(3) Dilution of a solution of the substance with a nonsolvent. For 
example, by the addition of water to alcohol solutions, or of ligroin to 
benzene solutions. 

(4) Salting out substances from their solutions. Thus sulfonates 
may be thrown down as sodium salts by the addition of a large quantity 
of sodium chloride or sodium sulfate to their solutions. From the micro¬ 
scopic point of view, sodium chloride has the advantage that it forms easily 
recognizable isotropic crystals of square or rectangular outline, so that 
crystals of the organic substance are readily picked out under polarized 
light. 

(6) Precipitation of free acid or base. Crystals suitable for optical 
study may sometimes be obtained by the addition of a mineral acid to 
aqueous solutions of salts of organic acids, and by the addition of a strong 
alkali to aqueous solutions of salts of organic bases. 

A simple method of separating crystals from gums on a micro or semi¬ 
micro scale has been described. 8 * The mixture of crystals and gummy ma¬ 
terial is placed on a small piece of porous tile which is in turn placed on a 
smooth tile and is covered with an inverted filter funnel. The rim of the 
funnel is then sealed with a solvent for the gum. The gum slowly seeps 
into the porous tile leaving the crystals on top. See also R. S. Tipson. 8ja 

B. CRYSTALLIZATION BY SUBLIMATION 

Substances which have an appreciable vapor pressure at temperatures 
below their melting point are often readily crystallized by sublimation. 
The method is useful with substances which do not readily crystallize from 
solvents, and particularly as a means of separating small quantities of a 
volatile substance from a large bulk of a relatively nonvolatile one. The 
rate of sublimation of a substance depends not only on its vapor pressure 
at the operating temperature, but also on the temperature and distance 
from the condensing surface and on the atmospheric pressure. Much can 
be accomplished by an experienced worker without the aid of elaborate 
apparatus: material may be sublimed from one object slide to another, or 
from a small watch glass to an object slide. With such simple apparatus 

** A. L. Bacharach, Analyst, 72, 244 (1947). 

,,a Volume III, this series, in preparation. 
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block of aluminum or a small vessel c g ^ ^ ^ ^ gmall for 

densation on too^coW a surfa«> may ^ s y ubstances may be frac- 

iigi m 

facilitate sublimation under reduced pressure; a list of references is given 
Chamot and Mason. 86 See also R. S. Tipson. 

C. CRYSTALLIZATION FROM MELT 

The preparation of crystal films of organic compounds by cooling the 
fused substance as a thin film under a cover glass has some very useful 
applications. The crystals may be made as thin as desired, and qu 
often, a variety of optical orientations are obta.ned in the same slide so 
that the interference figures can be observed to the best advantage. The 
usual way of preparing microscope slides by fusion is to place a few milli¬ 
grams of substance on an object slide and cover it with a No. 1 cover glass. 
It is then heated very slowly, the temperature being raised up to the 
melting point, and then held there until fusion is complete. The slide is 
cooled slowly. It is sometimes necessary to seed the edge of the prepara¬ 
tion by touching it with a trace of the solid substance on the point of a 
needle. After the substance has solidified, it may be recrystallized by 
cautiously melting the substance under about three-quarters of the cover 
glass. The slide is then allowed to cool slowly. The solid substance seeds 
the melt and much larger uniform areas of crystal are formed. A metal 
bar heated at one end and cooled at the other forms a very convenient hot 
plate for fusion work. It is easily calibrated for temperature gradient, so 
that it becomes a simple matter to crystallize a melt at any desired tem- 

84 L. Kofler aDd A. Kofler, Mikroskopische Methoden in der Mikrochemie. Haim, 
Vienna, 1936. 

88 E. M. Chamot and C. W. Mason, Handbook of Chemical Microscopy. 2nd ed., 
Vol. I, Wiley, New York, 1938, p. 347. 

“ a “Sublimation,” in Volume IV, this series, in preparation. 
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perature. Under certain conditions it is an advantage to solidify the fusion 
preparation very suddenly; this is the case with substances which normally 
crystallize to yield a single optical orientation as revealed by convergent 
polarized light. Very rapid crystallization will often result in the forma¬ 
tion of some crystals with a different orientation, after which the prepara¬ 
tion may be partly remelted and then slowly cooled to give larger crystals 
of the new orientation. 

The fusion method is particularly valuable as a rapid means of com¬ 
paring a known with an unknown substance. Very small quantities of the 
two substances are melted at opposite edges of a cover glass, and are 
allowed to flow under the cover so that they meet somewhere near the 
center (Fig. 26). The slide is slowly cooled, preferably on a heated bar, 
and the known substance is seeded. The course of crystallization may then 
be watched with a hand magnifier or a low-power bench microscope in 
order to observe whether the crystals continue their growth with undimin¬ 
ished velocity at the boundary between the known and unknown substance. 
If the two substances are identical, the crystals will continue past the 
boundary, and if the slide is then heated from one end of the boundary, so 
as to establish a temperature gradient across the slide from A to B, the 

two substances will melt simultaneously. 
The optical properties of the crystals which 
are determinable, such as retardation and 
optical orientation, do not exhibit any discon¬ 
tinuity at the boundary if the two substances 
are identical. Likewise, polymorphic transi¬ 
tions are not checked at the boundary. It 
should be remembered that a small proportion of an impurity in either the 
known or the unknown substance may differentially slow up the crystalliza¬ 
tion and diminish the degree of perfection of the crystals obtained. If the 
two substances are dissimilar, various differences may occur. Where the 
substances are dissimilar and not isomorphous, crystals will grow through 
the known substance and stop at the boundary. Even if the crystallization 
of the known creates sufficient disturbance at the boundary to start crys¬ 
tallization of the unknown, the rate of growth and optical properties 
of the crystals will present a discontinuity at the boundary. On melting 
back the substance, differences on either side of the boundary will be 
apparent, and also in the narrow boundary region where the two sub¬ 
stances have mixed for there is the possibility that eutectics or even definite 
addition compounds may be formed. In comparison slides in which the 
known and unknown are isomorphous, a slight slowing up of crystallization 
at the boundary may often be observed, and the crystals which grow in the 
narrow region of mixing are usually not so well formed as those of the 



Fig. 26.—Comparison 
fusion slide. 
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‘““A „,oh of German «i«ntMc 

method of thermal analysis as early as 1941. (bee pages » 

description of Kofler’s technique.) „ v„,if cilvered 

The author” has used an interferometric method employing half-s lvere 
.lip. ns « rapid mean, of comparing th. refract™ mdico. 
at the boundary, of a crystal which has grown from a known into an un¬ 
known substance, by studying the interference fringes given in plane- 
nolarized monochromatic light. Both the object slide and the cover glass 
need to have fairly good optical surfaces, since the best results are give 
when the two half-silvered surfaces are parallel. Barticulariy good results 
are given by slides and covers constructed from optically worked plates of 
fused quartz, which have been given a light coating of platinum by ca¬ 
thodic sputtering. The platinum as first deposited is very easily' 
by rubbing; but after the coated slides have been heated to 700 C-and 
slowly cooled in a muffle furnace, the coat becomes very resistant. When a 
single substance, such as 0 -bromonaphthalene is fused between the two 
platinized surfaces and is then allowed to crystallize, the individual crys¬ 
tals show only very broad interference bands when examined with a low- 
power microscope in polarized monochromatic light. The same inter¬ 
ference pattern is observed with / 3 -chloronaphthalene. If, however, a 
mixed slide is prepared with / 3 -chloronaphthalene on one side, and /3-bromo- 
naphthalene on the other, and if some mixing has occurred at the boundary, 
crystals growing through the boundary suffer a change of refractive index. 
This change is shown in polarized monochromatic light, such as sodium 
(X = 589 m/z) or mercury (X = 546), when the crystal is in the extinction 
position and the analyzer has been withdrawn. Under these conditions, 
the crystal in the boundary zone shows some closely spaced interference 
bands. The position, and sometimes the spacing, of the bands change 
when either the crystal or the polarizer is rotated through 90°. If the two 
refractive indices presented by the “known” part of the crystal are n, and 
n*, and those of the “unknown” part are and n^, and if the crystal has 
a thickness of d m/x, then the number of bands in the boundary zone is 
2d (n[ - nO/X and 2d (n^ - n,)/X, respectively ( n[ and ni being taken 
as greater than n x and no). With a preparation 0.03 mm. thick, a refractive 
index difference of 0.01 gives a single interference band. Under favorable 
conditions, fractions of a band can be estimated. See also Tipson. 83a 
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D. MOUNTING 

Fusion slides do not require mounting, and may be made reasonably 
permanent by ringing the cover circle with liquid glue, diluted 1:1, or a 
casein cement. Varnish, gold size, shellac, marine glue, and asphalt 
varnish usually tend to dissolve the crystals and diffuse into the preparation. 

Crystals which have been separated from their mother liquor, or which 
have been prepared by sublimation, need to be mounted in order to reduce 
refraction effects to a minimum. Three conditions must be fulfilled by the 
mountant: (/) it must not dissolve the crystals; (2) it must have a re¬ 
fractive index reasonably near the mean refractive index of the crystals; 
(5) it should be as viscous as possible at room temperature. The first con¬ 
dition is not easy to fill, so far as permanent mounts are concerned. Of two 
mountants which have a low solvent action for many classes of organic 
compounds, liquid petrolatum (u.s.p. heavy grade) is too fluid, and 
glycerol-jelly has too low a refractive index in most cases. An alternative 
is saturating a medium of suitable viscosity and refractive index with the 
substance under study, a convenient way being to dissolve some of the 
substance in a drop of hot mountant on an object slide, cool it to about 
50° C., place some well-formed crystals in it, and cover with a No. 1 cover 
glass. The slide is then placed under gentle pressure and allowed to cool to 
room temperature. Many commercial synthetic resins are now available 
which, either alone or in admixture, are suitable for making semiper¬ 
manent mounts. The following list of mountants used by the author is 
given by way of illustration: 

(2) 15 grams of hard Canada balsam in 10 milliliters of a-bromonaph- 

thalene; n D = 1.59. 

(2) Arochlor No. 1262; n D = 1.65. 

(S) 10 grams of hard Canada balsam in 30 milliliters of Arochlor No. 

1254; n D = 1.61. 

(4) 20 grams of polystyrene in 40 milliliters of a-bromonaphthalene; 
n D = 1.640. 

(5) Plasticizer E, 47.7% chlorine; n D = 1.51. 

Composition (4), polystyrene in a-bromonaphthalene, has a low solvent 
action; it is viscous at room temperature; and its refractive index falls 
from 1.64 to 1.61 during its slow hardening by evaporation of the a-bro¬ 
monaphthalene. The author prepares this medium as follows: 40 ml. of 
a-bromonaphthalene is poured over 20 g. of polystyrene resin contained 
in a tail-form 200-ml. beaker. A short stirring rod is placed inside the 
beaker, which is then covered with a watch glass to prevent evaporation of 
the solvent. The beaker is maintained at 70° C. for about a week, with oc¬ 
casional stirring until the mixture is homogeneous. It is then allowed to 
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the melting point of the substance by means of a heated bar. The P re P*™ 
tion is allowed to crystallize slowly-reheating if necessary to d.ssoWe m^ 
of the crystals and then recooling to get a better regulated Some 

experimentation is necessary to get the optimum proportion of costal t 
mountant. If the preparation is too cold during the crystallization proc¬ 
ess, the crystals may depart considerably from their normal habit. 

E. METHODS OF CHANGING OPTICAL# ORIENTATION 

It is often necessary to change the orientation of a crystal in order to 
study an acute bisectrix interference figure, or the extinction colds pre¬ 
sented by some particular orientation. This operation is readily carried 
out on preparations mounted in a viscous medium, such as an Arochlor 
with or without an admixture of Canada balsam, or the polystyrene- 
bromonaphthalene medium (4) referred to above. Specially designed 
rotation apparatus is sometimes useful for certain types of work. Three 
simple designs are illustrated in Hartshorne and Stuart I he Fedorov 
universal stage may be used for determining optical axial angles of moder¬ 
ately large crystals in fusion slides, the general technique being the same as 
that employed with rock sections in petrographic work. However, the 
limited usefulness of the universal stage does not justify the high cost of a 
suitable petrographic microscope and the necessary accessories for routine 
microscopy in an organic laboratory. 


Orthoscopic Examination 

By orthoscopic examination we mean the examination of the image of 
the crystal in ordinary light, in polarized light, or between crossed nicols. 
When the crystal is of sufficient size, a low-power objective and very nar¬ 
row cone of illumination should be used. The crystalline form, habit, and 
cleavage should be observed with the analyzer withdrawn; it is not neces¬ 
sary to remove the polarizer for these observations. If the crystal is 
mounted in a medium of medium refractive index, its relief may vary con- 

86 N. H. Hartshorne and A. Stuart, Crystals and the Polarising Microscope. Arnold, 
London, 1934, p 130. 
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siderably when either the microscope stage or the polarizer is rotated; 
this effect is dealt with under the heading of refractive index determina¬ 
tion (pages 930-942). 

A. EXTINCTION ANGLES 

When a crystal is rotated on the microscope stage between crossed nicols, 
it passes through an extinction position every 90°, as has been explained on 
page 904. Extinction is classified under three headings: parallel, sym¬ 
metrical, and oblique. These are illustrated in figures 27 a, b, and c, re¬ 
spectively. Parallel and symmetrical extinction are characteristic of all 
possible orientations of crystals of the hexagonal, trigonal, tetragonal, and 





Fig. 27.—Extinction: (a) parallel; (6) symmetrical; 
(c) oblique. 


orthorhombic systems. Symmetrical extinction is symmetrical in that the 
vibration planes of polarizer or analyzer bisect the edge angles presented 
by the crystal; irregular development or distortion may cause the crystal 
to deviate markedly from the ideal form, but the bisection of edge angles 
still holds. Parallel, and more rarely, symmetrical, extinction also occur in 
monoclinic crystals viewed exactly at right angles to the crystallographic 
ortho-axis b, but its occurrence in other orientations of monoclinic crystals, 
or in any orientation of triclinic crystals, is fortuitous. Oblique extinction 
occurs in all orientations of triclinic crystals and in all orientations of mono¬ 
clinic crystals other than those in which ortho-axis b is at right angles to 
the line of vision, occurrence of parallel extinction being fortuitous. In the 
case of oblique extinction, the extinction angle is the angle, less than 45°, 
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dispersed extinction. Dispersed extinctio powerful light 

persed extinction occur in crystals of higher than monoclin.c symmetry. 

B. SIGN OF ELONGATION 

In elongated crystals, such as those of columnar or acicular habit the 
character of the elongation is regarded as positive or negative according to 
whether it corresponds to the higher (slow ray), or lower (fast ray), re¬ 
fractive index, respectively. In uniaxial crystals, the direction of elonga¬ 
tion is of necessity the crystallographic c-axis, since the tetragonal or 
hexagonal axes are equal. We have already noted that vibrations parallel 
to the c-axis are those of the extraordinary ray, consequently positive 
and negative uniaxial crystals show positive and negative elongation re¬ 
spectively. With orthorhombic crystals, the elongation is negative it it 
takes place in the Y principal vibration direction, positive for the Z direc- 
tion and both positive and negative if the elongation is along Y , depending 
on the orientation of the crystal. Crystals of this type, when rotated 
through 360° along a horizontal axis, pass alternatively through two 
positive and negative elongations, separated by four extinction positions 
which occur when the visual axis coincides with an optic axis. W ith crys¬ 
tals of the monoclinic and triclinic systems the elongation is regarded as 
positive or negative according to whether it most nearly agrees with the 
direction of higher or lower refractive index, respectively; when the direc¬ 
tion of elongation most nearly corresponds to Y , the crystals exhibit both 
positive and negative elongation, depending on their orientation. 

Conoscopic Examination 


A. THE CONOSCOPE 

The conoscope is a device for determining the nature of the wave surface 
of a crystal. Its principle is shown diagrammatically in figure 28, in 
which a roughly parallel beam of light is polarized and is then passed 
through a converging lens which brings it to a focus within the crystal, 
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which we will suppose to be a plate of calcite cut perpendicular to the 
optical axis. The light diverging from the crystal is rendered parallel 
by a collecting lens and passes through an analyzer, crossed with respect 
to the polarizer, which causes interference to occur. As seen from above, 
the collecting lens looks like a flat disk. The center of the disk is illumi¬ 
nated by light which has passed perpendicularly through the crystal; 
its circumference is illuminated by light which has passed obliquely through 


Interference figur* 


V 



Mirror 


Fig. 28.—Formation of interference figure. 


the crystal. This illuminated disk is therefore an orthographic projection 
of a segment of the wave surface as refracted into air. 

If we bear in mind that the vibration direction of the extraordinary ray 
is in the optic axial plane, we can readily understand the formation of the 
interference figure of our optic axial section of calcite, since all radii of the 
circular disk represent vibration directions of the extraordinary rays hav¬ 
ing directions through the crystal indicated by their location on the disk 
of the interference figure. The center of the figure appears dark because 
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The radii of the figure which have the same, o y * mugt appear 

tions as the vibration planes as the P ola "“ r * ext notion. If mono¬ 
dark, since along these directions *e crystals ^* “ppear. These 

chromatic light is used, a senes ocon^^_^ the crygtaI is an integral 

occur for directions m whic ra tio of the di- 

angl J| d p rvs^als to be able to view them orthoscopically and then, with the 
small crystals, to* be able t° ^ cQnoscopic inter ference figures. 

We shalTtherefore consider some of the ways in which a polarizing micro¬ 
scope can be made to serve as a conoscope. 

The simplest method, which, however, only works with crystal Plates of 
large area, consists in using a high-power dry objective, such as a four 
millimeter achromat in conjunction with a condensing system capable 
filling its back lens with polarized light. The crystal is brought into focus, 
the eyepiece is removed, and the back lens is viewed through an analyzer. 

A small, but distinct, interference figure is seen. The method may be 
applied to smaller crystals'by using a pinhole diaphragm over the draw- 
tube of the microscope; this insures that only light passing through a 
particular crystal reaches the eye. In place of a pinhole diaphragm, a 
Wright crossed-slit diaphragm may be used. 87 

Petrographic microscopes are usually fitted with a Bertrand lens which 
slides in the body tube of the microscope below the eyepiece. In conjunc¬ 
tion with the eyepiece the Bertrand lens forms a low-power microscope 
which is focused on the back lens of the objective, an enlarged image ot 
which is seen. The more elaborate instruments have an iris diaphragm 
fitted immediately above or below the Bertrand lens which serves to isolate 
the light from a small crystal. It is necessary to focus the image of the 
crystal on the Bertrand lens diaphragm. This operation may require the 
use of an auxiliary magnifier over the eye lens until some experience has 
been gained, after which it is easy to judge how far the objective must be 
raised by observing the edge of the interference figure. 

The interference figures of small crystals may be observed on an ordinary 
“biological” microscope, by equipping it with Polaroid polarizer and 

87 F. E. Wright, Methods of Petrographic-Microscopic Research, Carnegie Inst. Wash . 
Puh. No. 158, 1911, p. 59. 
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analyzer and a Johannsen lens. 68 A Johannsen lens is made by drawing out 
a heated glass rod to hair-like thinness and breaking the glass filament into 
pieces 3 or 4 cm. in length. The ends of these filaments are fused by brief 
heating in the edge of a Bunsen flame in order to form spherical globules. 
On examination under the microscope, some spherules will be found which 
are free from bubbles and are less than 0.1 mm. diameter. The crystal is 
first focused under a 16-mm. or 8-mm. objective and a 5X or 10X eyepiece 
and is brought into the center of the field. The small spherical lens is then 
placed in contact with the cover-glass, directly over the crystal. On rack¬ 
ing up the objective, a plane of focus is reached in which an interference 
figure is seen. The angle of the cone of rays making up the interference 
figure is, of course, the same as that of the cone of illumination given by the 
substage condenser, consequently the diaphragm on the Abbe condenser 
should be fully opened. The maximum angle of the cone of rays visible in 

a Johannsen lens is approximately 
90°, which corresponds to a numeri¬ 
cal aperture of 0.7. 

Another way of observing the in¬ 
terference figures of crystals is to 
magnify the Ramsden’s disk given 
by a low-power (5X) eyepiece by 
means of a high-power (20 X) lens 
usually -known as a Becke-Klein 
magnifier. The author 79 has found 
it better to employ two 5X eye¬ 
pieces equipped as in figure 29. Each 
eyepiece has a field lens, A , and an 
eye lens, B. One of the eyepieces 
(shown at the left of the figure) is 
equipped with cross webs in the 
field diaphragm, C; this eyepiece is 
used for orthoscopic observations 
in conjunction with a cap analyzer. 
The other eyepiece is provided with a pinhole aperture in the center of the 
diaphragm, D, which replaces the usual field diaphragm. This eyepiece 
is converted to a conoscopic apparatus by inserting it in sleeve E , in which 
slides fitting F t which carries a 20X or a 30X magnifier, G, and analyzing 
prism //. A reticle with a micrometer or coordinate scale may be fitted 
in a diaphragm, I, at the focus of G. In using the apparatus, the image 
of the crystal under study is first centered and focused on the cross webs 

M A. Johannsen, Manual of Petrographic Methods. McGraw-Hill, New York, 1918, 
p. 454. 



Fig. 21).—Conoscopic apparatus for 
use with student-type microscope. 
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cl the orthoscopic eyepiece, which is then 

- - 

ference figure is focused by sliding fitting^ >n *“*1 which is represented 
approximate relationship. 

0 = 2 sin” 1 (N.A./n) 

It is obviously advantageous to use an objective with as high a nunmrical 
aperture as possible for the purpose of studying he general nature 
the wave surface of a crystal, such as a 4-mm. objective of Is. A. - O .860 
0 95 A wider conoscopic angle may be obtained by the use of a 1.8-mm. 
oil-immersion objective of N.A. = 1.25 or 1.30, but this entails the'.se of an 
oil-immersed condenser, which is rather a messy operation since n this 
case a return from conoscopic to orthoscopic observation necessitates the 
removal of the condenser and cleansing of the slide. An alternative pro¬ 
cedure is to use distilled water as an immersion fluid for the condenser. 

B. UNIAXIAL INTERFERENCE FIGURES 

Two types of centered uniaxial figures are possible: the optic axial 
figure, the formation of which has been described above, and the optic 
normal figure. The optic axial figure is 
very easily recognizable by its consisting of 
a black cross and a number of concentric 
circles of rising order of interference. The 
appearance of the uniaxial figure in mono¬ 
chromatic light is shown in figure 30. The 
number of circles in the figure increases with 
increase of thickness and of birefringence of 
the crystal, and with increase of numerical 
aperture of the objective used. The deter¬ 
mination of the sign of a uniaxial crystal is 
quickly made by inserting a birefringent 
plate of known fast and slow vibration direc¬ 
tions in the 45° position between the objec¬ 
tive and analyzer of the conoscopic system when compensation or extinc¬ 
tion takes place in a spot in each of two opposite quadrants. These are, 
of course, the quandrants where the fast and slow vibrations of the crystal 
correspond to the slow and fast vibrations, respectively, of the compensator. 



Fig. 30.—Interference figure 
of uniaxial crystal. 


920 


E. E. JELLEY 


Since we know that the vibration direction of the extraordinary rays are 
radii in the figure, we can at once tell whether e is fast (uniaxial negative) or 
slow (uniaxial positive): when the crystal is positive, the pair of quadrants 
in which compensation occurs is at right angles to the pair of quadrants in 
the slow direction of the compensator; for negative crystals the compensa¬ 
tion occurs in the same pair of quadrants. With thick basal sections of 
uniaxial crystals possessing marked optical rotatory power, the center of the 
uniaxial cross is replaced by a bright field, the color of which depends on the 
thickness and optical rotatory power of the substance. A perfectly 
centered optic axial figure does not change when the microscope stage is 
rotated; if the optic axis is not quite perpendicular to the plane of the 
section, the center of the figure describes a circle on rotating the stage but 
the uniaxial cross does not rotate. 



light; (6) optic normal, monochromatic light; (c) uncentcred figure, mono¬ 
chromatic light. 

The uniaxial optic normal figure, with the crystal in the 45° position be¬ 
tween crossed nicols, shows a slight variation in interference color in the 
outer parts of alternate quadrants. The interference color is lower at the 
edges of the quadrants in the direction of the optic axis of the crystal and 
higher at the edges of the other pair of quadrants than it is in the middle 
of the field (Fig. 31a). If a thick crystal presenting the optic normal figure 
is examined in the 45° position, the field appears uniformly white; with 
monochromatic light a series of hyperbolic interference bands appear, as 
in Figure 316. When the crystal is rotated to an extinction position, 
the field of view, with the exception of the edges of the four quadrants, is 
uniformly dark. On rotating the stage a few degrees either way of the ex¬ 
tinction position a pair of broad dark bands rapidly move out of the field, 
an effect which has caused the optic normal figure to be termed a flash 
figure. Uncentered uniaxial figures in the 45° position show an eccentric 
series of bands of rising interference, the center of which may, of course, be 
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tion plane of either the polarizer or the analyzer. 


c BIAXIAL INTERFERENCE FIGURES 

Th,.« type. O. centered biaxial 

rflih°rfi^^irS S tin^is^ble° P from the uniaxial opUc noj-m^ figure 

948-951). 



Fig. 32.—Biaxial interference 
figure: 45° position. 


Fig. 33.—Biaxial interference 
figure:, extinction position. 


The appearance of an acute bisectrix figure for a crystal in the 45 position 
is shown in figure 32. In the extinction position, the appearance changes 
to that shown in figure 33. The points of emergence of the optic axes 
are marked by the “eyes” of the figure, which are points of zero retardation 
and must, therefore, appear dark for any position of rotation of the micro¬ 
scope stage. Johannsen” has termed these points in the interference figure 
melatopes. Surrounding the melatopes are bands of equal retardation, 
which correspond successively to retardations of X, 2 X, 3 X, ... • In 
monochromatic light these bands are black; in white light they form a 
rising series of interference colors. The apparent distance apart of the 
melatopes in a centered acute bisectrix figure depends on: (I) the numerical 
aperture of the objective used; (2) the optic axial angle, 2V, of the crystal; 

89 A. Johunnsen, Manual of Petrographic Methods. McGraw-Hill, New \ork, 1918, 
p. 420. 
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and (3) its refractive index, along the optic axis. The curves in figure 
34 give the maximum observable values of 2V for objectives of various 
numerical apertures as a function of n p . Two isogyres pass through the 
melatopes; with the crystal in the 45° position they form two hyperbolic 
brushes with their convex side toward the acute bisectrix. The smaller 
2V, the greater is the curvature of the isogyres; for 2V = 90° the isogyres 
are straight. When the stage is rotated, the isogyres rotate in the opposite 
direction. If, instead of rotating the stage, the nicols are rotated syn¬ 
chronously, then the isogyres rotate in the same direction as the nicols, 



Fig. 34.—Conoscopic field of various microscopic objectives. 


but twice as fast. It follows, therefore, that the isogyres of a biaxial 
crystal, unlike those of a uniaxial one, do not remain parallel to the vibra¬ 
tion planes of the polarizer and analyzer. This fact often permits one to 
judge whether a crystal is uniaxial or biaxial when only an uncentered 
conoscopic figure can be obtained. 

The appearance of a centered obtuse bisectrix figure depends very much 
on the optic axial angle. When 2V is nearly 90°, it resembles that of an 
acute bisectrix figure with the melatopes just outside the conoscopic 
field. When 2V is nearly 0°, the figure is practically indistinguishable 
from that given by the optic normal. The appearance may, of course, be 
anywhere between these two extremes. One other type of biaxial conoscopic 
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45° position renders poss.ble a objective and the 

-TSi- r -y be determined by one of the methods 

'it"is'convenient to classify eonoscopic interference figures of biaxial 

eJsUTnto the groups c“"e 

figure ^ U™ing°tWs°cl^ification, we find that the following are essential 
Sionships between the type of biaxial figure and the face upon whrch a 

crystal rests. 

Centered figures are given by |100|, |010), and 1001) plates of ortho- 
rhombic crystals and by (010) plates of monoclm.c crystals. Centered 
figures by other monoclinic orientations are fortuitous. 

Displaced figures are given by |AfeO|, (Ml) and |0W) orthorhomb.c plates 
and by |100|, |001), and I Ml) monoclinic plates. 

Uncentered figures are given by I AW I orthorhombic plates; by 1**01, 
I0W| and I AW) monoclinic plates and by all orientations of tnchnic crystals. 
Centered and displaced figures with triclinic crystals are fortuitousIn 
the above classification any two, or all three, of the Miller indices denoted 
by h, k t l, may be alike; thus, an uncentered figure is given by an ortho¬ 
rhombic crystal resting on a pyramid I 111 I face. 

The sign of a biaxial crystal is determined with the aid of some sort of 
compensating device, such as a quarter-wave mica, a first-order red selenite 
(gypsum), a quartz wedge or a Berek compensator. One method is to rotate 
the crystal, which for this purpose should show an acute bisectrix figure, 
to its extinction position and then to insert a quarter-wave mica of known 
fast and slow directions between the objective and analyzer; the melatopes 
and isogyres now appear bright, and a black spot appears below the optic 
axial plane on one side of the field and above it on the other. If the black 
spots are in the same pair of quadrants as those in the slow direction of the 
mica, the crystal is negative, whereas it appears in the adjacent pair of 
quadrants for a positive crystal. A convenient way of using a first-order 
red selenite (gypsum) plate is by rotating the crystal to that 45° position 
in which its optic axial plane is in the same direction as that of the slow 
component of the selenite. The isogyre or isogyres appears red, which 
shades to yellow on its convex side and blue on its concave side for positive 
crystals and to blue on its convex side and yellow on its concave side for 
negative crystals. This method can obviously be used when only a single 
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isogyre appears in the field, provided, however, that 2V is not so nearly 
equal to 90° that the isogyre is devoid of curvature. 

When a quartz wedge of the Wright or Johannsen type, or a Berek com¬ 
pensator (described on page 943) is used to determine the sign of a crystal, 
it is well to adopt the routine of placing the crystal in the 45° position for 
which its optic axial plane coincides with the slow vibration direction of 
the wedge or compensator. Then, on inserting the wedge or rotating the 
Berek compensator to either side or its normal (30 graduation) position, 
the isogyres appear to move toward Z. It follows, therefore, that when 
the isogyre moves in the direction of its convex side the crystal is positive, 
and that movement in the concave direction shows that the crystal is 
negative. This method is equally applicable to figures presenting a single 
isogyre. When an undoubted obtuse bisectrix figure is studied by this 
means, the unseen concave sides of the isogyres will face the center of the 
figure. On sliding in the wedge, or on rotating the Berek compensator, 
the color fringes will move along the optic axial plane towards the center 
of the figure if the crystal is negative, and out from the center towards 
the optic axes if the crystal is positive. 

It is advisable, when working with unfamiliar polarizing microscopic 
equipment, to check the above techniques on known crystals. A basal 
section of calcite, or a fusion slide of sodium nitrate, provides a convenient 
example of a negative uniaxial substance. A cleavage plate of muscovite 
(“ordinary”) mica, or a fusion slide of piperonal, provides a convenient 
example of a negative biaxial crystal. The piperonal preparation presents 
acute and obtuse bisectrix figures and optic normal flash figures. 

Determination of Refractive Indices 

A. CRYSTAL ORIENTATION 

Refractive index determinations with the microscope are usually made 
by the immersion method in which a very narrow axial cone of illumi¬ 
nation is used. The orientation of the crystal is therefore given by the 
center of the interference figure. In the great majority of polarizing 
microscopes, the vibration direction of the polarizer is in the N-S direction 
(to and from the observer), or, in the case of microscopes with synchronous 
rotation of the nicols, it is easily set in this position. This position of the 
vibration plane of the polarizer will therefore be assumed in the following 
discussion. Isotropic crystals, having a single refractive index, do not 
require special orientation. 

Uniaxial crystals have two principal indices, n w and n t . Optic normal 
orientations present both. For n w , set the crystal at extinction with its 
crystallographic c-axis (direction of the optic axis) E-W and withdraw the 
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plates) give n„ only for all settop 8 - bisectrix obtuse bisectrix, and optic 
Biaxial crystals. Centered acute bjsectnx^o^ ^ ^ the 

normal figures indicate that P j giving these conoscopic 

si=5HSS=^“^- 

"S When the convergent polarized light interference figure shows that 

* , • .» j olrxncr thp acute or obtuse bisectrix, the crystal 

axial rays are transmitted along the acute or uutu^ 

^SHSKEs&is 

and the vibration in the plane of the optic axes must therefore be for n 
or n depending on whether or not it corresponds to a lower or a highe 
index than ^ respectively. It follows therefore that, when a crystal 
showing a centered bisectrix figure is rotated to an extinction position 
and the analyzer prism and converger are withdrawn, light 18 tra " sml ^ 
through the crystal with a velocity corresponding to n„, n„, or n T . 
various possibilities are given in table VII. 


Table VII 

Optical Orientation 


Interference figure 

Sign 

Direction of 
optical axial 
plane 

Index 

Acute bisectrix 

Acute bisectrix 

Acute bisectrix 

Acute bisectrix 

Obtuse bisectrix 
Obtuse bisectrix 
Obtuse bisectrix 
Obtuse bisectrix 

Positive 

Positive 

Negative 

Negative 

Positive 

Positive 

Negative 

Negative 

N-S 

E-W 

NS 

E-W 

NS 

E-W 

N-S 

E-W 

Of 

0 

y 

0 

7 

0 

a 

0 


( 2 ) When convergent polarized light gives a centered optic normal or 
“flash” figure, one of the extinction positions presents the lowest principal 
index, n a , and the other presents the highest index, n y . 

(8) One principal index is presented by crystals which give a displaced 
interference figure, since an optical symmetry plane passes through the 
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center of the figure. Possible cases are: obtuse and acute bisectrix figures, 
either positive or negative in sign, when displaced in the plane of the optic 
axes, present n 0 when the direction of the optic axial plane is E-W, and 
the transmitted light is vibrating N-S. Obtuse and acute bisectrix figures 
when displaced laterally present n a or n y when the optic axial plane is 
N-S (see Table V). In the case of crystals giving an optic normal flash 
figure displaced along a principal plane, a very simple rule gives the prin¬ 
cipal index presented: the crystal is placed at extinction with the optic 
normal E or W of the microscope axis; the N-S vibration direction then 
corresponds to n a or n y , depending on whether this is the “fast” or “slow” 
direction. 

B. IMMERSION METHODS 

The immersion method of determining the refractive indices of small 
crystals may be said to date from the work of Maschke, 90 who described 



Fig. 35.—Bcckc line of prism with index n. in liquid with index m. 


the appearance of crystals immersed in liquids of differing refractive indices. 
Becke 91 first described the movement of fringes of light seen around im¬ 
mersed crystals when the microscope objective was raised or lowered, an 
effect now known as the Becke line. Schroeder van der Kolk 92 did much 
to popularize the immersion method of determining the refractive index of 
crystalline substances. Stated simply, the immersion method consists of 

90 O. Maschke, Ann. Physik. Chem., 145, 549 (1872); ibid., (N. S.) 11, 722 (1880). 

91 F. Becke, SiUber. Akad. Wiss. Wien, 102, 358 (1893). 

M J. L. C. Schroeder van der Kolk: Kurze Anleitung zur mikroskopischen KrystaU - 
beslimmung, Wiesbaden, 1898, p. 11; TabtUen zur mikroskopischen Beslimmung der 
Mineralien nach ihrem Brechungsindex, Wiesbaden, 1906. 
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Dossing ^through a prismatic (or lenticular) edge of a crystal are be 
toward the crystal if it has a higher index than that of the liquid, 
away from the crystal if it has the lower index. Consequently, when the 
microscope system is racked upward, the band of light from ^ crystal 
edges appears to move toward the substance with the higher refractive 
index. These Becke-line phenomena are best observed by using, a bright 
source of light, preferably monochromatic; a narrow cone of light lrom 
the polarizer such as is given by a low-power condenser atom* do'vn, a 
low-power objective (a 6 X or 10 X objective not exceeding 0.25 N.A.Vand a 
high-power ocular (10X to 20X). An important feature of the Becke- 
line procedure as described above is that the refractive index of the immer¬ 
sion liquid is compared with that of the crystal for rays traveling along the 
microscope axis, and therefore corresponds to the center of the inter¬ 
ference figure, when the Becke line is not displaced on racking up the 

Method of Oblique Illumination.—This method depends on the fact 
that no shading is visible on immersed crystals observed in oblique light 
when the index of the crystal and liquid are identical. The usual method 
of obtaining oblique illumination is by inserting a card below a high- 
aperture condenser so that only rays from one side of the condenser pass 
through the immersed crystal. A low-power objective is used for observing 
the shading on the crystal, which appears on the side facing the direction 
in which the card is inserted if the crystal has the higher refractive index, 
and on the opposite side if it has the lower index. The substage con¬ 
denser should be racked up fully. This method of oblique illumination is 
open to the objection that the rays used in the test do not pass axially 
through the crystal; although the error so introduced is small with crystals 
of low birefringence, it may be appreciable with substances of high bire- 
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fringence, such as are common among aromatic compounds. Saylor 93 has 
discussed the sources of error both in the Becke-line method of central 
illumination and the method of oblique illumination. He found the latter 
to be unreliable with strongly birefringent crystals, and described a much 
improved method employing two diaphragms—one inserted below the 
converger element of the condenser from the right-hand side so as to 
obscure about half the aperture, and the other, a stop covering the right- 
hand half of the back lens of a 3.2 X objective. Saylor recommends that 
the vibration plane of the beam of polarized light should be horizontal 
(E-W) rather than vertical ( N-S ) as is commonly used with Becke-line 
methods. 

C. IMMERSION LIQUIDS 

Adjusting the Refractive Index of the Immersion Liquid.—The Becke- 
line effect, and the shadows in oblique light tell us when the refractive 
index of a liquid is higher or lower than that of the immersed solid. In 
fact, with some experience, the difference between them can be estimated 
to 0.1. The problem of the immersion method is, therefore, to adjust 
the refractive index of the liquid so that it substantially matches that of 
the immersed solid. The following is a list of methods which can be used 
for this purpose. 

( 1 ) By changing the immersion liquid . This is usually accomplished 
by having a set of liquids of known refractive index going from about 
1.360 to 1.780 in steps of about 0.005. The most expeditious way of 
working with such a set of liquids is to start with one of n == 1.55, and use 
it as a mountant for crystals held between an object slide and cover glass. 
The interference figures of the crystals should be studied in order to make 
sure that principal indices are being determined. It is then noted, by 
examination in central or oblique illumination, whether the principal 
indices of the crystal are higher or lower than the index of the liquid. 
Liquids nearer to the estimated indices are then tried on another prepara¬ 
tion of the crystals; and this operation is repeated until finally each of 
the indices is matched to within 0.005. If an index of the crystal falls 
between those of two liquids, it is usually possible to judge the index to 
0.002. It should be remembered, however, that inaccurate orientation of 
the crystal and temperature changes during the manipulations can intro¬ 
duce an error of greater magnitude than 0.002. Where only a very small 
quantity of crystalline material is available, it is advantageous to use 
volatile immersion media which have been redistilled, since in this case one 
liquid may be allowed to evaporate before the next is applied to the same 

91 C. P. Saylor, J. Research Natl. Bur. Standards, 15, 277 (1935). 
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by Gaubert,“ and is based on ^^^greater than that of 

refractive index, dn/al , ol a q nrincmle the transparent 
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on optical symmetry planes, and, therefore, correspond to Pnncp al mdic^ 
(S) By varying the wave length of the light used for observation. Posnjak 
and Merlin- originated the method of adjusting the 
that of the immersed solid by using a monochromator as a light source 
and by varying the wave length until the central or oblique ^.nation 
test shows that a match has been obtained. By working with an owe - 
lapping series of liquids of known refractive index and dispersion, it s 
possible to obtain values for the refractive index of a given solid at various 

temperatures. , • a „ nn 

The last two methods (2 and S) of varying the refractive index of an 

immersion liquid have been combined in the double variation method of 

Emmons, 50 who has also devised a universal stage technique which employs 

a special lower segment with a water-circulation device for regulating the 

temperature. The universal stage is used for orienting the crystals or 

crystal fragments which are held between a pair of cover glasses oiled 

to the segments with an appropriate immersion fluid. In the absence of 


»< E. S. Larsen and H. Berman, "Microscopic Determination of the Nonopaque 
Minerals,” U. S. Geol. Survey Bull. No. 848 (1934). 

» P. Gaubert, Bull, soc.frang. mineral., 45, 89 (1922). 

96 R. C. Emmons, Am. Mineral., 13, 504 (1928). 

97 C. P. Saylor, J. Research Nall. Bur. Standards, 15, 97 (1935). 

98 E. Posnjak and H. E. Merwin, /. Am. Chem. Soc., 44, 1970 (1922). 

99 R. C. Emmons, Am. Mineral., 11, 115 (1926); 13, 504 (1928); 14, 414. 441, 482 
(1929). 
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a specially equipped universal stage, the necessary determination of the 
optical orientation may be carried out in convergent polarized light with 
the Bertrand lens if a Saylor heating cell is used, as this cell is, of course, 
equally usable for the double variation method. 

M) By mixing two nonvolatile liquids on the microscope slide. The 
author' 00 proposed the system of mixing two substantially nonvolatile 
liquids of widely separated refractive indices in a cavity on a microscope 
object glass, varying their proportion until the refractive index of an 
immersed solid has been matched. Some of the liquid is then transferred 
to the prism of a microrefractometer, and its refractive index is read. 
Provided that the immersion liquids, microscope, and microrefractometer 
have stood in the workroom to reach room temperature to within ±2° 
no temperature control is necessary. For work with crystals of inorganic 
compounds and organic compounds of low solubility, the liquids originally 
chosen are given in table VIII. However, since this work was published, 


Table VIII 

Liquids for Determination of Refractive Index 


Substance 

Boiling point, 
deg. C. 


< 

dn/dT 

1 

Ethyl oxalate 

73° at 10 mm. 

1.0793 

1.410 

0.00048 

2 

Ethyl citrate 

180° at 11 mm. 

1.1369 

1.443 

0.00036 

3 

n-Butyl phthalate 

155° at 10 mm. 

1.0388 

1.492 

0.00032 

4 

a-Bromonaphthalene 

148° at 16 mm. 

1.4876 

1.658 

0.00048 

5 

a-Iodonaphthalene 

160° at 14 mm. 

1.7344* 


0.00047 

6 

Methylene iodide 

180° at 760 mm. 

3.325 

1.742 

1^2223 


- d“. 


the author has substituted di-n-butyl carbonate, n£ = 1.411 for diethyl 
oxalate and tri-n-butyl citrate, r£° = 1.445, for triethyl citrate. There 
are now available a large number of commercial plasticizers which will 
serve for the lower refractive index range. 

The mixing of the liquids is readily carried out by stirring with a glass 
rod drawn out to about a millimeter diameter at the stirring end. The 
liquids can be handled conveniently in small hypodermic syringes, which 
are well adapted for transferring small amounts of liquid to the slide 
excavation in which the mixing is performed. 101 Since the refractive index 
of the liquid is determined after a match has been obtained, the liquids 
used need not be pure—the only necessary condition is that their refractive 
index shall not change within a few minutes exposure to the air. 

The refractive index of a mixture of two liquids of different volatilities 

,ou IS. E. Jelley, J. Roy. Microscop . Soc., 54, 234 (1934). 

101 R. N. Titus, private communication. 
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(/) Two volumes of diethyl carbonate and one v^ume o a-.odo- 
naphthalcne has ** = 1-491, which rises on evaporat.on of the ethy 

^r^volumes of n-buty. acetate and one volume of .iodonaphtha- 
i ho. « 20 — i 497 which rises on evaporation to i.tv*. 

(3) Two volumes’ of n-heptane and one volume of a-iodonaphthalene 

has n 20 = 1-492, which rises on evaporation to 1.7W. 

“ )° By substituting n-butyl phthalate for a-mdonaphtha ene m the 
above formulas, liquids are obtained having a refract.ve mdex of about 
1.42, which rises on evaporation to 1.49. 

Similarly, the refractive index of mixtures of methylene iodide and 
Merwin’s solution 1 " may be adjusted by allowing the methylene iodide to 
evaporate, whereby the index is raised. Merwin's solution cons.sU of 
methylene iodide saturated with sulfur, iodoform, stannic iodide arsenic 
triiodide, and antimony triiodide. A rather deep cell was used for the 
“variation-by-evaporation” technique, which worked well with moderately 
large crystals. Once the index corresponding to a known vibration directio 
had been obtained, some of the liquid was transferred by means of a 
micropipette (constructed from a medicine dropper) to a modified prism on 
the author’s microrefractometer described below. 

The solubility of many crystalline organic compounds in organic immer¬ 
sion media—especially methylene iodide, frequently imposes a restriction 
on the number of methods of matching the refractive index of the crystal 
with that of the liquid. Thermal variation methods can rarely be used, 
partly because the solvent action of the media is much more rapid at higher 
temperatures, and partly because dn/dT of the crystal may be appreciable. 
The wave-length variation method sometimes fails because dn/d\ is of the 
same order of magnitude as that of organic immersion liquids. Where 
sets of known liquids are used, these may be saturated with the compound 
under study and recalibrated with an Abbe refractometer. 104 One par¬ 
ticular advantage of the author’s technique of varying the refractive index 
by mixing two liquids, or by differential evaporation, is that any moderate 
degree of dissolution of the solid is automatically compensated for, since 

102 E. E. Jelley, unpublished work. 

103 H. E. Merwin, /. Wash. Acad. Sci., 3, 35 (1913). 

W. M. D. Bryant, Am. Chem. Soc., 65, 96 (1943). 
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the refractive index is measured after the match has been obtained. Cer¬ 
tain aqueous and glycerol solutions of highly refractive inorganic salts, 
particularly of potassium mercuric iodide, are useful immersion media! 
Sonstadt’s or Thoulet’s solution 10 * is prepared by dissolving 230 grams of 
potassium iodide and 270 grams of mercuric iodide in 80 milliliters of 
water, and then cautiously evaporating on a steam bath until a crystalline 
film forms on the surface of the liquid. The clear portion is decanted. 
It has a refractive index of about 1.72. It should be noted that this solu¬ 
tion contains 2.33 times as much potassium iodide as that required to form 
potassium mercuric iodide (KHgI 3 ). If an excess of mercuric iodide is 
used, a solution of potassium mercuric iodide is obtained which has a con¬ 
siderably lower refractive index. The author prepared aqueous solutions 

of various alkali mercuric iodides of the general formula \IHgI 3 , saturated 
at 20° C. These had the following refractive indices: 

z 

M - Li Na K 

n *o - 1.620 1.621 1.615 

Dunningham 106 studied the system KI-HgI 2 -H 2 0 and found that the solid 
phase, K 2 HgI 4 , does not exist, contrary to the statements in many text¬ 
books. The author 10 -’ has confirmed, by means of a microscopical study of 
the crystals which separated from Sonstadt’s solution on evaporation, 
that only KI and KHgI 3 are found at 30° C. The principal objection to 
Sonstadt’s solution is its very poisonous and corrosive nature. 

Nonprincipal Refractive Indices.—In chemical work, particularly with 
monoclinic and triclinic crystals, it is often useful to measure the refractive 
indices corresponding to the two vibration directions presented by some 
well-defined and easily recognizable crystallographic orientation of the 
crystal. This is especially true of crystals having a lamellar or tabular 
habit, since such crystals usually present the same orientation, and measure¬ 
ments of the refractive indices presented are of value in identification 
work. For purposes of publication, such indices should be accompanied 
by an accurate sketch showing the crystallographic, and, if possible, the 
optical orientation. 

D. MEASURING REFRACTIVE INDEX OF IMMERSION LIQUID 

When the refractive index of the immersion liquid has been adjusted 
by either the method of mixtures or the method of evaporation, it becomes 
necessary to determine its refractive index. The quantity of liquid worked 

A. Johannsen, Manual of Petrographic Methods. McGraw-Hill, New York, 1918, 
pp. 250, 519. 

109 A. C. Dunningham, J. Chem. Soc., 105, 368 (1914). 
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r und l s by means of a pencil eraser. Its function is to prevent he 
appearance of troublesome interference bands which are present when the 
thin film of liquid is bounded by a substantially plane hqu.d-a.r interface. 
■■Dull” and “medium” grades of aluminum foil work equally' ve ' 1 , 1 ' 1 ' 
author has tried Wright's fourth method on a Bausch & Lomb Abbe rt- 
fractometer with excellent results. However, the dividing line s not easily 
seen when reflecting matt foil is used, but it is readily seen if black or dark 
foil is used, such as oxidized copper foil or sulfided silver or lead foil. To, 
nonaqueous immersion liquids, a piece of gelatin-coated black paper server 
very well, provided that it has been pressed flat. Advantages of this tech¬ 
nique are that the lower prism of the Abbe can be closed, and the tempera¬ 
ture control used, and that the dispersion of the liquid is compensated for 
by the Amici prisms, the degree of rotation of which can be used in com¬ 
puting the dispersion, p. It should be remembered, however that the 
prisms of the Abbe refractometer are constructed of heavy flint glass which 
is rather easily scratched; hence the foil, or coated black paper, should 


be kept free from dust. 

Wright’s fifth method is an ingenious application of the critical-angle 
method of determining refractive indices. The apparatus, which is shown 
diagrammatically in figure 36, is in effect a miniature pair of Abbe prisms. 
The prisms have a refractive index of 1.92, and an angle of 60°. The lower 
prism has a ground face, and the upper prism has a polished one. A drop 
of the immersion liquid is placed in the gap between the two prisms. A 
low-power objective is focused on the top surface of the cell, and the 
Bertrand lens of the microscope is introduced. The field is then seen to 
be divided into light and dark portions separated by a color fringe, if white 
light is used. In monochromatic light, which today is conveniently ob¬ 
tained from sodium-vapor and mercury-vapor lamps, the dividing line is 
sharp. Its position depends on the refractive index of the immersion liquid, 
and is recorded by means of a filar micrometer. The apparatus is cali¬ 
brated with known liquids. Wright’s sixth, seventh, eighth, and ninth 


107 F. E. Wright, J. Wash. Acad. Sci., 4, 269 (1914). 
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methods are alternative forms of critical-angle apparatus for use with the 
petrographic microscope, and do not appear to have gained much popu¬ 
larity. 

Clerici’s method 108 employs a cell containing a prism mounted over an 
index line, as shown diagrammatically in figure 37. When the cell is filled 
with immersion liquid, the compound glass-liquid prism displaces the 
image of the index line by an amount which is a function of the refractive 
index of the liquid. The displacement is measured at moderate magni¬ 
fication with a filar micrometer eyepiece. The setup can be calibrated by 
moans of known liquids. Viola 109 improved Clerici’s method by using a 


O 



Fig. 36.—Wright microre- Fig. 37.—Clcrici stage refractometcr. 

fractomcter. 


double prism with its apex vertically over the index line. Nichols 110 uses 
two prisms cemented side by side, and sloping in opposite directions. 
Both Viola’s and Nichols’ methods have the advantage that the displaced 
lines are at the same focus, whereas in Clerici’s original design the greater 
the displacement the greater the difference in focus. Wright 107 found that 
Clerici's method was accurate to only ±0.005, and that Viola’s modi¬ 
fication was somewhat more accurate. Nichols claims an accuracy of 
± 0 . 001 . 

The author 100 described a new type of microrefractometer which is a self- 
contained, direct-reading instrument. Its optical principle is shown in 
figure 38. Light from a fixed slit, A , passes through a narrow slot in a 
scale, H, which is graduated in refractive index. The slit is viewed through 
aperture C in stage plate D. Over the aperture is placed a plate of glass, 
E , about one millimeter thick which supports microprism F. The micro- 

108 K. C’lerici, AUi accad. Lined, 16, 336 (1907); 18, 351 (1909). 

109 C. Viola, AUi accad. Lined, 19, 192 (1910). 

110 L. Nichols, Nall. Paint Bull., 1, 12 (1937). 
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Fig. 38.—Jcllcy microrefractomcter. 

A form of the apparatus was made and sold by E. Leilz (London) ^urnier 
the name of the Leits-Jelley Microrefractometer, which lncor P orat ®^‘ V ° 
improvements suggested by the author. The first of these was a d.dym.um 
(Nd + Pr) glass filter over the slit for use with white light. \N hen this is 
used, the spectrum image of the slit is seen to be crossed by two sharp 
bands, the one nearer the red giving the value of n to ±0.001. 1 he 

second improvement was a transparent index which moved over the 
scale and was set to correspond with the didymium band. The refrac¬ 
tive index could then be read, and checked, at leisure. 

Two other modifications of the Jelley microrefractometer have appeared 
which, however, both employ the same optical principle. These are the 
modification of Edwards and Otto, 1 " which is calibrated by known liquids 
instead of the more accurate, but less convenient, method of optical compu¬ 
tation, and that recently made and sold in the United States under the 
name of Fisher refractometer. 

In its original form, the microrefractometer was used to measure the 
m A. E. Edwards and C. E. Otto, Ind. Eng. Chem., Anal. Ed., 10, 225 (1938). 
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refractive index of about 0.1 cubic millimeter, or 0.0001 milliliter. 
The Leitz-Jelley instrument has a more robust prism, and needs about 
0.0005 milliliter of liquid. In the original publication, the author 
suggested two special uses of the microrefractometer in chemical micros¬ 
copy: checking the purity of a micro quantity of liquid by measuring its 
refractive index as it evaporates, and characterizing organic compounds 
by determining n D at their melting point. A modification of the Fisher 
refractometer with a heating stage for carrying out this measurement has 
been described by Frediani. 112 

A modification of the author’s microprism, shown in figure 39, permits 
the use of the microrefractometer with volatile liquids. 111 This enclosed 
prism, which has a side 0.1-0.4 millimeter, will hold the liquid in the 
vertical position and so can be used with a vertical slit and horizontal 
scale. A direct-reading, self-contained microrefractometer eases the work 
of determining refractive indices by the immersion method. There does 
not appear to be any good reason why the Wright prism (Wright’s fifth 

method, described on page 939) could 
not be built into a simplified Abbe- 
type refractometer without Amici 
prisms. This could be used with 
monochromatic light. 

Determination of Birefringence and 
Its Dispersion 

A. COMPENSATORS 

It is necessary to distinguish be¬ 
tween the principal birefringences 
Fig. 39.—Microprism for volatile liquids, which are the differences between 

principal indices, for example, n w ~ 
n, of uniaxial crystals, n y - n at n y - n 0 , and n fi - n a of biaxial ones, and 
the nonprincipal birefringence presented by some known crystallographic 
orientation of a crystal. In organic chemical microscopy, it is often 
possible to grow relatively large crystal plates by crystallization from 
a melt; and quite frequently these crystal plates have a constant optical 
orientation. Consequently, measurements of birefringence on such plates 
can be of value in comparing an unknown substance with a known one. 
Principal birefringences are of value in estimating n y and sometimes n 0 
of aromatic substances which usually are beyond the range of measure¬ 
ment by the immersion technique. 

1,2 H. A. Frediani, Ind. Eng. Chem., Anal. Ed., 14, 439 (1942). 

Iu E. E. Jelley, unpublished work. 
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, Q n 9 -Q 0 fn that polarized light entering a crystal 
We have seen (pages 902 ) Jht PJ ^ beams vibrat i n g at 

not in the extinction p different velocities, so that one ray is re- 

tarded relative t « rv < 5 t.al is known as the retardation of the 

given by the expression: 


R = t(n* — n,) 


(15) 


. . • the th i c kness of the crystal, n, is the higher index, and ». the lower. 

""otoSS “ St iTt it m igh. .pp«r t. b, po-ibi. to orient the 
crystal so that only rays corresponding to n„ (or the lower index of a uni¬ 
axial substance) were transmitted, and then to note the distance traversed 
on the fine-adjustment drum on racking up the microscope from a. focus 
on the bottom of the crystal to one on the top. However » pnebw, 
the method is found to be quite inaccurate, for a variety of optical and 
mechanical reasons. Sometimes crystals prepared by the f “ sl °" meth ^ 
contain air bubbles, or holes, which extend from the object slide to the 
cover glass; in this case, a somewhat less inaccurate measurement of the 
crystal thickness may be made. 

The measurement of retardation is usually made with the aid of a 
compensator. A compensator is a means of introducing a known re¬ 
tardation in the faster beam emerging from a crystal. The amount o! 
known retardation is adjusted so that it neutralizes, or compensates, the 
retardation of the crystal. The earliest type of compensator was the 
quartz wedge of Biot, 114 which suffered from the disadvantage that the thin 
end still had an appreciable retardation. Wright 115 combined a quartz 
wedge with a parallel plate having a retardation corresponding to that of 
the middle of the wedge, but with its fast vibration direction at right angles 
to that of the wedge. The Wright combination wedge has zero retardation 
in the center, with increasing retardation on either side—one side having 
its fast vibration parallel, and the other at right angles, to the length of the 
wedge. This wedge, which is usually engraved to give direct readings of 
retardation, is particularly useful when used with the Wright universal 


114 


See A. Johaunsen, Manual of Petrographic Methods. McGraw-Hill, New York. 
1918, p. 366. 

F. E. Wright, /. Geol., 10, 33 (1902). 
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ocular 116 in which it slides in the focal plane of the ocular. The Johannsen 117 
wedge is somewhat similar but has zero birefringence at one end. The 
Berek compensator, 118 which is an improvement on the earlier one of Niki¬ 
tin, 119 consists essentially of a thin plate of calcite cut perpendicularly to 
the optical axis which is rotated about a diameter by means of a graduated 
drum. This compensator is inserted in a slot over the microscope objective 
and so does not entail the use of an analyzer over the eyepiece. 

Compensators do not work well with substances having a strong dis¬ 
persion of birefringence, as the compensation point is often masked by 
color effects, particularly at higher retardations. The problem cannot be 
solved by using monochromatic light because compensation occurs at 
wave-length intervals in monochromatic light, and only the difference of 
the retardation from the nearest integral multiple of wave lengths can be 
determined. However, the strong dispersion of birefringence of many 
organic crystals makes measurements of this dispersion highly desirable 
as a means of characterization of organic compounds. 

B. MICROSPECTROGRAPH 

In order to overcome the difficulty of determining the compensation 
point at a number of wave lengths, the author 120 has worked out three 
methods of determining the dispersion of birefringence of organic com¬ 
pounds which melt without decomposition, and one which is applicable to 
crystals which arc not recrystallizable by fusion. These methods were 
designed primarily for use with the grating microspectrograph, three 
different designs of which have been described in the publications referred 
to above. In view of the increasing interest in optical methods of identify¬ 
ing organic compounds it seems desirable to summarize the methods here: 

Method 1.—A square or rectangular piece of No. 2 or No. 3 cover 
glass is placed on an object slide, which is preferably, but not necessarily, 
made of optically worked fused quartz. Another square of cover is placed 
so that one edge rests on the first cover and the other on the slide. Some 
crystals of the substance to be studied are placed near the sloping cover 
slip, and the slide is then heated on a hot plate until the substance melts 
and is drawn under the sloping cover glass to form a wedge of liquid. The 
preparation is then cooled and. if necessary, seeded by touching the liquid 

118 F. E. Wright, Am. J. Set., 29, 416 (1910). 

11T A. Johannsen, .4m. Sci., 29, 430 (1910). 

116 M. Berek, Ccntr. Mineral. Gcol., 1913, 383, 427, 464, 580 

1,9 W. Nikitin. Z. Knst.. 47, 378 (1910). 

110 E. E. Jelley, Phot. J., 74, 514 (1934); /. Roy. Microscop. Soc., 56, 101 (1936); 
Ind. Eng. Chem., Anal. Ed., 13, 196 (1941). See also E. M. Chamot and C. W. Mason, 
Handbook of Chemical Microscopy, 2nd ed., Vol. I, Wiley, New York, 1938, pp. 183-186. 
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thin end of the wedge The 8 orientation. Such a wedge prepa- 

order to obtam crystal°retardation when examined in polarized 
ration shows ascending orders oi h - ctive . The image 0 f the wedge 

light (crossed nicols) with a low-p > that the slit cuts through 

is focused on the slit « then made 0n IW 

the color bands at right angl these S P pectr ® grams the disp ersion is readily 
tomic -X 35-mm. film- applicable when many 
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Kg. 40 .—Computation of dispersion of birefringence from spectrogram. 

in a position corresponding to the thick end of the wedge crystal, as in 
figure 40. Irregularities in the crystal cause many lines to run through t 
length of the spectrum: one of these should be chosen as a guide fo. the 
ruled line, thereby avoiding errors due to aberrations of the optical system. 
A wave-length scale is then attached to the spectrogram and the wave 

lengths, X„, X.+i, K+t .at which the nth, (n + l)th, (n + 2)th, ... 

interference bands cross the ruled line are recorded. The reason foi using 
a wedge is, of course, that the value of n is immediately given if the extreme 
tip of the wedge appears in the spectrogram. The value of the retardation 
for any wave length, X», at which an interference band of the nth order 
intersects the ruled line is nK, and the corresponding birefringence is 
n\,/t, where t is the thickness of the wedge at the corresponding point. 
The values of nX, are plotted against X, if necessary, to obtain the value of 





946 


E. E. J E L L E Y 


the retardation for sodium light (X « 589.3). The curve is then redrawn 
with the values of the retardation at various wave lengths being expressed 
relative to that of X = 589.3, which is taken as unity. In this way, we 
avoid the need for measuring the thickness of the wedge. The manner . 
of using a monochromator for this method is explained later in this chapter. 

It should be noted that the wedge crystal can be used for determining the 
value of the birefringence in monochromatic light if the slope of the wedge 
is known: thus, if the slope of the wedge is 0 , and the distance between 
two bands (measured by means of a micrometer eyepiece) is d for a wave 
length X, the birefringence for that wave length is \/d tan 0. Since the 
angle of the wedge is small, usually about 2°, it is necessary to measure it 
to within ±1' if reasonable accuracy is desired. 

Method 2.—A small planoconvex lens, preferably of fused silica, and 
an optically worked object slide of fused silica are required. The micro¬ 
spectrograph is calibrated for any given microscope setup (usually the 
lowest power the microscope will give) by photographing the Newton’s 
rings given in sodium light, with the slit of the microspectrograph wide 
open. If transmitted light is used, the upper surface of the object slide 
and the convex surface of the lens must either be half-silvered or else 
coated with a thin dye film which strongly reflects sodium light. By far 
the best dye of those studied is 1,1'-diethyl-2,2 / -cyanine chloride, which 
is used as a 1% solution in a mixture of 9 parts of methanol and 1 part 
of water. When a drop of this solution is applied to each surface, it 
spreads out and evaporates to leave a film of dye having a very sharp 
absorption band at 578 m/i, and, in consequence, a very high refractive 
index for sodium light. The Newton’s rings produced by dye-treated 
surfaces are quite as good as those obtained with half-silvering. In order 
to prepare lens crystals, the lens is placed convex side down on the object 
slide and touching a little of the substance under study. The slide is then 
heated in order to melt the substance and cause it to flow under the lens. 
The slide is then cooled and seeded, if necessary, to crystallize the melt. 
It is usually necessary to melt back the crystals until only a trace remains 
solid, and then cool very slowly in order to obtain well-formed crystals. 
When such a preparation is examined with crossed nicols in monochromatic 
light, a series of dark rings is seen, corresponding to retardations of X, 
2 X, 3 X, etc., whose radii are proportional to 1, \/2, \/3, etc. When more 
than one optical orientation is presented, different series of rings are 
apparent: thus piperonal may give rings corresponding to n p — n at and 
rings of about four-and-a-half times the diameter corresponding to n y — n fi . 
However, it may happen that the orientation does not correspond to an 
axis of the wave surface, so that rings do not correspond to a principal 
birefringence. In this case, the measurements of dispersion are only of 
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crystal; fortunately, this is ofte h care be i ng taken to assure 

is thrown on the slit of the mic ^ {fi ^, re . From a comparison of 
that the sUt passes throughthe birefringence 
the Newton's rings and the mterferene^ from 400 to 660 
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advantage of simphcity. th substance under study, weighing 

°h f t bi r e n O^anVlO mg F IreTuid on a microscope slide. On cooling, the 
S3S c^e to g yield wedge-shaped crystals, which are examined 

“ Method^for Substances Not Recrystallizable by Fusion.-The method 
of computing the retardation-X graph, and of deriving the dispersion o 
bireSence which is described under Method 1 is readily appbed to 
crystals 8 which possess either a crystallographically or an artificially pi o- 
duced wedge-shaped edge. The crystals should be mounted in a medium 
having an index not too far removed from the mean of the two indices 
presented. Some of the viscous Arochlors, and mixtures of Arochlors with 
Canada balsam, and the other viscous media mentioned earlier in this 
section, are very useful. If possible the crystal is rolled under the cover 
glass until its interference figure shows that a principal birefringence 
presented. Since the purpose of the wedged part of the crystal serves 
merely to indicate the order of the retardation bands, the wedge may be 
quite crude; even a rounded end of a crystal obtained by dissolving one 
end of the crystal will serve. 


C. MONOCHROMATOR 

A small monochromator, such as the Bausch & Lomb laboratory wave 
length spectrometer, may be used for determining the dispersion of 
birefringence of crystals having a wedge-shaped edge. The microscope is 
illuminated with light from the exit slit of the monochromator. An ap¬ 
propriate crystal, whose optical orientation has previously been determined 
conoscopically with white light, is brought to the center of the field and is 
placed in the 45° position. The light from the monochromator is thrown 
on the crystal so that the wedge-shaped edge is illuminated, as well as a 
flat thick part of the crystal which is imaged on the cross webs. The wave¬ 
length drum is turned to the extreme red and is then brought slowly back 
until the part of the crystal on the cross webs is at extinction. The order 
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of the retardation band, n, and wave length, X„, are noted. The wave 
length of the light is shortened until the crystal is again dark and the 
wave length for the (n + l)th retardation band is noted. This opera¬ 
tion is repeated for the entire spectrum. The computation of dispersion 
and its graphical expression are carried out as described above. The lens 
method may be used for determining the value of the birefringence for 
sodium 589 m/x or mercury 546 m/x in order to convert the values of dis¬ 
persion of birefringence into birefringences at various wave lengths. 

Approximate values of dispersion of birefringence may be obtained with 
the aid of a microspectroscope having a wave-length scale. A crystal with 
a wedge-shaped edge is used, as in the method described above, to deter¬ 
mine the order of the retardation band; the wave lengths, X„, X*+i, K+i, 
... at which the nth, (n -j- l)th, (n + 2)th bands cross the spectrum are 
noted, and the necessary computations are made. 

Rarely, crystals are examined in which the birefringence is greater in 
the red than in the blue. In these cases care must be exercised so that the 
right order is ascribed to the retardation bands. Benzil, referred to on 
page 905, is a substance which falls into this category. Other examples are 
to be found in crystals showing crossed axial plane dispersion; the bire¬ 
fringence for the acute bisectrix of such crystals passes through zero at 
the wave length of uniaxiality. Since the retardation bands on either side 
of this wave length have the order 1, 2, 3, ... etc., it is not necessary to 
have a wedge-shaped edge to the crystal in order to determine its dispersion 
of birefringence. 

Determination of Optic Axial Angles and Their Dispersion 
A. visually 

The precision with which optic axial angles may be measured varies 
within wide limits depending on the direction of the axes with respect to 
the morphology of the crystal. The most favorable condition is that in 
which both axes appear in the convergent polarized light interference 
figure, as in this case the measurement can be made with relatively simple 
apparatus. When neither, or only one axis appears in the interference 
figure, a reasonably accurate determination is very time consuming and 
requires a universal stage. Universal-stage methods could not be ade¬ 
quately described in this chapter; for a description of them, the reader is 
referred to books by Wright, Johannsen, and Winchell and Emmons. 121 

1,1 F. E. Wright, Methods of PetrographicrMicroscopic Research, Carnegie Inst. Wash. 
Pub. No. 158, 1911. A. Johannsen, Manual of Petrographic Methods, 2nd ed., McGraw- 
Hill, New York, 1918. A. N. Winchell and R. C. Emmons, Microscopic Characters of 
Artificial Minerals, 2nd ed., Wiley, New York, 1931. 
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• J • to< i o. 2V This is the acute angle 
The optic axial angle is des 'S"^ “ crystal. The angle of the axes 
between the primary optic axeswrttan^t! Y lQ the acute bisectrix 

-S-and objective are used, the 
angle is 211. The relations between these angles are. 

• T/ llOJ 

sin E = n B sin V 

and for an immersion oil with n„ = 1.515: 

sin H = 0.66 sin E 

One of .he to —d o“ £ 

observation that the distance e wee system is proportional 

“[“eS’eS “he o‘p.ir.xi.. angle in ale. Thi. ,..a.l=»hip to 

usually expressed as: 

D = K sin E (18) 

wmmgmm 

by .be «. «1 a *»■* W-P-,'" 

or an eyepiece fitted with a coordinate micrometer scale. 

dL^Into Z interference figure. This is effected by -ntroducmg a 
class plate having a circle (or concentric circles) into the focal plane of 
elepiece or aT a conjugate focus, such as the back lens of the objective 
or the upper iris diaphragm of the petrographic swing-out condense^ A 
orvstal of known 2E is placed in the crossed (extinction) position, and the 
See is routed until the isogyres are tangential to the reference circle 
The angle of rotation, *, is noted. The constant, C, for the particular 

microscope system is given by: 

C = Vsin 2 <t> • sin E 

m E. Mallard, Bull. soc. ind. mintral. St.-Etienne, 5, 506 (1882) 

M * F. E. Wright, Am. J. Sci., 24, 336 (1907). . fifW1Qin 

m F. E. Wright, Am. J. Sci., 31, 97 (1911); J. Wash. Acad. Set., 1, 60 (1911). 

i*5 p e. Wright, Am. J. Sci., 20, 288 (1905). 
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With C determined, the value of 2 E for another crystal plate can be deter¬ 
mined noting the new value of and substituting in the equation: 



.Johannsen and Phemister'* have described a more accurate method in 
which a plate of substance of known 2 E, such as a plate of muscovite mica 
is fixed m the diagonal position upon the uppermost lens of the condensing 
system. The object slide with the crystal of unknown 2 E is placed on the 
microscope stage so that its optic axial plane is parallel to that of the mica, 
me ease and accuracy of this operation are increased if the microscope is 
provided with synchronous rotation of the nicols, since in this case the 
mica is brought to extinction by rotating the nicols through 45°. The 
crystal of unknown 2 E, which has been roughly oriented with the aid of 
the Bertrand lens, is then rotated to exact extinction and the nicols are 
brought back to the former direction. The Bertrand lens is again inserted, 
and the stage is rotated; the confused interference figure at first seen 
changes until, at the end point, the dark brushes come into view because 
t e isogyres of the unknown substance have been superimposed on those 

of the mica. If we designate as </> the angle through which the stage has 
been rotated, then: 


sin E of unknown = sin E of known/\/sin 2 <j> 


( 21 ) 


When a single optic axis appears in the interference figure, a rough 
estimate of 2 V may be made from the curvature of the isogyre. Wright 127 
has computed the trace of the isogyre for centered and uncentered optic 
axis figures for = 1.6 and 2V - 15°, 30°, 45°, 60°, 75°, and 90°. 

Accurate measurements of optic axial angles have been made by rotating 
crystals in a trough filled with a liquid having a refractive index of 
The axis of rotation must be normal to the optic axial plane, that is, about 
the Y axis. Except in favorable cases, the orienting of the crystal is a 
difficult operation. A simple stage goniometer combined with a thin cell 
has been described by Wood and Ayliffe. 128 This apparatus has the ad¬ 
vantage that it can be used with the high-power objective and condenser 
necessary for observing the convergent polarized light interference figure, 
so that the mounting of the crystal is not so critical. It should be possible! 
by using the Wood-Ayliffe goniometric apparatus on a microscope equipped 
with a calibrated micrometer eyepiece for measuring the direction of 


,M A. Johannsen and T. C. Phemister, J. Geol., 32, 81 (1924). 

1X1 F. E. Wright, “Methods of Petrographic-Microscopic Research,” Carnegie Inst 
Waa*. Pub. No. 158, 1911, pp. 168-170. 
m R - G - w <>od and S. H. Ayliffe, J. Sri. Instruments, 12, 194 (1935). 
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ratus for measuring optic axial angles. 

mU f "'ll P disnersion^- The principle is quite simple: the interference 
cording the dispei sion. nntie axes is photographed with 

sr“i.°op:- r 

sar. pi--st,^ rrs r 

some particular wave length, n, changes places with V°p.. T'" b „ 
r .K nftpn referred to as the “wave length of umaxiality, may be 
determined by using a monochromator as a source of illumination for the 
convergent polarized light system, or by the use of the mmrospectrograph. 
The temperature coefficients of the principal refractive indices are usually 
SfeJnt which means that the X of uniaxiality may vary with change of 

temperature. 

5. Microscopy of Colored Crystals 

Theoretical 

A. PLEOCHROISM AND DICHROISM 

Colored crystals of other than cubic symmetry are usually, although not in¬ 
variably, pleochroic, that is to say, the degree of absorption of light of any wave 
length by unit thickness of the crystal is a single-valued function of the vibration 

129 W. M. D. Bryant, J. Am. Chem. Soc., 60, 394 (1938). 
i» w. M. D. Bryant, J. Am. Chem. Soc., 63, 511 (1941). 
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direction with reference to the crystal orientation. The amplitude, A, of a ray 
which has traversed a thickness, d, of an absorbing medium is given by: 

A = A*-*"* (22) 

where X is the wave length in the medium, A. is the incident amplitude, and * i 8 
the absorption index. Since intensity I is proportional to the square of the ampli- 
tude, we may write the absorption formula as: 


/ 


J^-Awmd/U 


(23) 


where n is the refractive index of the medium and X 0 is the wave length in air of the 
incident light. 

In the most general case, monochromatic light incident on a plate of an absorbing 
crystal is resolved into two elliptically polarized rays. The ellipses have the same 
ratio of major to minor axes and the same direction of rotation but have their major 
axes at right angles. However, light vibrating along a vibration plane of the 
crystal plate is transmitted as plane-polarized light and can, therefore, be extin¬ 
guished by the analyzer in the crossed position. The crystal section has refractive 
indices of ni and n* and absorption indices of xi and xi, respectively, for its two 
extinction directions. Differently oriented sections of the same crystal present 
different values of n lt n 7t X|, and x,. These values vary with change of wave 
length, the absorption indices in particular being liable to wide variations. Just 
ns we can construct a refractive index-wavc-normal surface as an aid to visualizing 
the nature of double refraction in a crystal, so we can construct an absorption 
index-wave-normal surface. For a perfectly transparent crystal the absorption 
surface would be a geometrical point, while for an absorbing optically isotropic 
crystal it would be a sphere of radius x. With uniaxial crystals the absorption 
surface for the ordinary ray is a sphere of radius x w , and for the extraordinary ray 
it is an ovaloid varying between x„ along the optic axis and x, along the optic 
normal. Usually crystals of positive birefringence have x, > x tf , while those of nega¬ 
tive birefringence have x w > x«. This is equivalent to stating that the higher 
absorption is usually associated with the higher refractive index. With biaxial 
orthorhombic substances the absorption surface resembles that of the refractive 
index-wave-normal surface in that there are two directions for which the two 
absorption indices are the same. These directions do not coincide, except by 
chance, with the optic axes, and have no particular significance. What is important 
is that the principal axes of the absorption surface of an orthorhombic crystal 
coincide with X , Y , and Z of the refractive index surface which in turn coincide with 
the crystallographic symmetry. Only one of the principal absorption axes coincides 
with a principal vibration direction in a monoclinic crystal, and this is the one which 
in turn coincides with the b crystallographic direction. The complete optical 
asymmetry of crystals of the triclinic system is shown also in the absorption surface, 
since the principal absorption axes do not, except by chance, coincide with the 
principal vibration axes. 

It is convenient at this point to discuss briefly the meaning of the terms dichroism, 
trichroism, and pleochroism. In petrography and chemical microscopy, dichroism 
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has two meanings: any c^ta. « 

rotated on the microscope stage m.^' " ore specific sense to absorbing uniaxial 

be dichroic ; the term is app i normal sections viewed in 

crystals which exhibit two ex reme eok»: w dh °ptac nc>rm 1C axi3 , 

SSHSSSSSgjSSS 

sorption phenomena of colored uniaxial and biaxial crystals in general. 


D. 


OPTICAL PHENOMENA OF PLEOCHROIC CRYSTALS 


Ordinary Light.—Most of the optical studies of strongly pleoehroic crystal 
have hith^to been made on naturally occurring substances, especially the uniaxj 
minerals chlorite and tourmaline, and the biaxial minerals eordier^ epK ote 
andalusite, and glaucophane, and on that very curious group of highly colored 

crystals of the platinocyanides first studied by Haidinger. 

Plates of equal thickness cut at different orientations from a color ^ n ^ 
crystal appear different when viewed by transmitted ordinary light The maxi¬ 
mum difference is shown by sections normal to, and parallel to, the optic axis 
respectively. If, for example, a uniaxial crystal transmitted only redforthe 
ordinary ray and only green for the extraordinary ray, the optic axis section would 
appear red. The optic normal section would appear yellow, since half of the 
transmitted light would be red and the other half green. A mixture of red and 


green light appears yellow. ..... 

Similarly, plates of.equal thickness cut normal to the principal vibration axes of 
a trichroic orthorhombic crystal appear different when viewed by transmitted 
ordinary light. Thus, half the light incident on a plate cut normal to X suffers 
an absorption corresponding to the Y vibration (and absorption) axis and the 
other half suffers an absorption corresponding to the Z axis, whereas plates cut 
normal to Y have a mixture of absorptions corresponding to X and Z and those 
normal to Z have a mixture of absorptions corresponding to X and Y. An example 
of pleochroism visible in ordinary light is afforded by a fusion slide of azobenzene. 

Plane-Polarized Light.—The light transmitted by a section of a pleoehroic 
crystal is readily resolved into its two components, except in the case of monoclmic 
and triclinic crystals showing dispersed extinction, by successively rotating the 
section on the stage of the polarizing microscope to extinction positions in adjacent 


*« W. Haidinger, Ann. Physik. Chem., 68, 302 (1846); 70, 571 (1847); 71, 321 (1847); 
76, 99, 294 (1849); 77, 89 (1849); 81, 572 (1850). See also F. Pockels, Lehrbuch der 
Kristalloplik, Teubner, Berlin, 1906, p. 441. 
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quadrants, and removing either the polarizer or analyzer in order to observe the 
color of the transmitted light for each of the two vibration planes of the section. 
However, this technique, which is the one commonly adopted by the chemical 
microscopist, is not very good for showing slight degrees of dichroism. Haidinger'” 
introduced the dichroscope, which is substantially a prism of calcite interposed 
between a square aperture and a focusing lens. The calcite splits the light from the 
aperture into two beams polarized at right angles, whereby two images of the square 
are seen in approximate contact. The plane of vibration of the ordinary image is 
parallel to the junction between the two squares, that of the extraordinary images 
is perpendicular to this junction. Many modifications of the dichroscope have been 
reported in the literature which cover improvements such as rotating specimen 
holders with two mutually perpendicular axes of rotation for studying pleochroism. 

A similar device has been used as an eyepiece dichroscope, in which the square 
aperture was in the image plane of the microscope. 1 ” The usual construction in 
present-day eyepiece dichroscopes is to equip a Huygens’ eyepiece with a dia¬ 
phragm having a square aperture, which is placed near the field lens, and a Wollas¬ 
ton prism which is placed just beneath an eye lens with focusing adjustment. 
The Wollaston prism splits a beam of light into two beams, polarized at right 
angles, which deviate equally from the microscope axis, so that when the eye lens 
is properly adjusted for focus two squares are seen in approximate contact. The 
innermost side of each square is strongly fringed with yellow, and the outermost 
with blue, but this is not quite so objectionable as the appearance in the Haidinger 
type of dichroscope eyepiece, where the extraordinary image is strongly fringed with 
yellow on the side nearest the ordinary image, and fringed with blue on the other 
side, since in addition the focus is different for the two images. It is necessary to 
check the vibration planes of the two images of the Wollaston-prism type of dichro¬ 
scope eyepiece; they may be parallel and perpendicular to the dividing line of the 
field, or at +45° and —45°. This check is readily made on the microscope with 
the polarizer in position. 

The dichroscoj>e eyepiece is used without polarizer or analyzer. Daylight is an 
unsatisfactory illuminant for a microscope employing a dichroscope eyepiece 
because it may have an appreciable plane-polarized component. 

Convergent Ordinary Light.—If a section of a pleochroic uniaxial crystal cut 
perpendicular to the optic axis is viewed conoscopically in convergent ordinary 
light, the direction of the optic axis is indicated by a small spot different in color 
from the rest of the field. The apparent diameter of the spot diminishes as the 
thickness of the section is increased, and its boundary becomes more sharply 
defined. Seen in monochromatic light, it is lighter than the surrounding field if 
the ordinary ray is less strongly absorbed than the extraordinary one, and con¬ 
versely. It is possible for the optic axis to appear as a dark spot at one wave length, 
and as a light spot at another. 

131 W. Haidinger, Ann. Physik. Chem., 65, 1 (1845). See also A. Johannsen, Manual 
of Petrographic Methods , 2nd ed., McGraw-Hill, New York, 1918, p. 325. 

133 C. Leiss, Die oplischen Instrumente der Firma R. Fuess. Engelmann, Leipzig. 
1899, p. 220. 
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w hand of the spectrum, may present either of two appearances. If 
narrow ^ fay u lesg than that 0 f the extraordinary ray, a brush is 

S ° rP which is parallel to the plane of vibration of the polarized light; the brush is 
intercepted by'a^brfght' spot'em the optic axis. With most polarizing microscopes 
he «fon plane of the polarizer is in the N-S position (v>brat,ons to and from 
the observer), so that it is in this position that the brush appears. If - ^° we ^ er - 
i absorption of the ordinary ray exceeds that of the ex raordmajy ray the brush 
is perpendicular to the plane of polarization and » contmuous through the: optic 
a Z With a uniaxial crystal having different absorption spectra for the ordinary 
and extraordinary rays, the parallel (N-S) brush with the bright axial ^appears 
at some wave lengths, and the perpendicular (E-W) continuous brush a * j 

When examined with white light, the conoscopic absorption figure of such acr^tal 
consists of a pair of differently colored brushes at right angles, that corresjHmding 
to the ordinary ray being perpendicular to the plane of polarization and continuous. 
Magnesium platinocyanide is an example of this type; its conoscopic absorption 
image consists of a violet continuous brush perpendicular to the vibration plane 
of the polarizer and a red brush at right angles which fades out on the optic axis 

The interference figure of an optic axial section of a pleochroic uniaxial crystal 
consists of dark cross and some rings, if sufficient light is transmitted for them to be 
visible. This is the case when the absorption of the ordinary ray is slight and the 
number of rings which can be seen depends on the degree of absorption of the extraor¬ 
dinary ray. When the absorption is appreciable, the rings are indistinct because 
they are produced by the interference of two elliptically polarized rays of different 
intensities which cannot give extinction. When the ordinary ray is very strong y 
absorbed, the conoscopic interference figure is uniformly dark. 

The absorption figures of pleochroic biaxial crystals are observed conoscopically 
in plane-polarized light. The following considerations apply to orthorhombic 
crystals and to monoclinic and triclinic crystals showing only slight dispersion of 
the principal vibration directions. 

Optic Axial Absorption Figures— In absorbing biaxial crystals, the absorption 
suffered by light traveling along an optic axis depends on its plane of vibration. 
The vibration planes of an optic axial section are in the plane of the optic axes 
(the XZ plane) and perpendicular to it (the Y axis), respectively. Let us call the 
corresponding absorption indices k p and K y . When the section is viewed cono¬ 
scopically in monochromatic light vibrating in the plane of the optic axes, a con¬ 
tinuous brush is seen in this plane if k v > Ky, whereas the brush is perpendicular 
to this plane and is intercepted by a bright spot on the optic axes if k p < k v . 
When the section is viewed in light vibrating perpendicularly to the optic axial 
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plane, a continuous brush is seen in the optic axial plane if k v < k v , while the per¬ 
pendicular brush intercepted by the bright axial spot is seen if k v > The 
figures seen with white light are colored; the colors are different for the two 
extinction positions. 

Acute Bisectrix Absorption Figures. —When an acute bisectrix section is viewed 
conoscopically in plane-polarized white light vibrating perpendicularly to the optic 
axial plane, a band of uniform color, corresponding to the Y absorption, goes 
straight across the figure along the optic axial plane. On either side of this band the 
colqr changes, since these parts of the conoscopic figure comprise vibrations ap¬ 
proaching the Z direction with negative crystals, and the X direction with positive 
ones, so that the color of these outer parts of the figure changes symmetrically 
from the center to the sides of the field, with abrupt changes in the region of the 
optic axes. When the same section is viewed in white light vibrating in the optic 
axial plane, a band of uniform color crosses the conoscopic figure through the acute 
bisectrix, perpendicular to the optic axial plane. In the case of optically negative 
crystals, this color corresponds to the X absorption; with optically positive ones it 
corresponds to the Z absorption. On either side of this band the color changes 
towards that for the Z direction with negative crystals, and that for the X direction 
with positive ones. The changes in the region of the optic axes are abrupt. The 
colored band corresponding to the Y direction, which is seen in white light vibrating 
perpendicular to the optic axial plane, is very much narrower than that corre¬ 
sponding to the X or Z band seen when either the crystal or the plane of polarization 
is rotated 90°. 

Obtuse Bisectrix Absorption Figures. —When an obtuse bisectrix section is viewed 
conoscopically with white light vibrating perpendicular to the optic axial plane, 
the narrow colored band, corresponding to the Y absorption, crosses the figure 
along the optic axial plane. The rest of the figure shades towards the color corre¬ 
sponding to the X absorption for optically negative crystals, and to the Z absorption 
for optically positive ones. When cither the crystal or the plane of polarization is 
rotated 90°, a broad band of color passes through the center of the figure, per¬ 
pendicular to the optic axial plane. Its color corresponds to the Z absorption 
for optically negative crystals, and to the X absorption for optically positive ones. 

Uncentered figures presenting one axis show the colored band along the optic 
axial plane, corresponding to the Y absorption. 

Optic Normal Sections. —When an optic normal section is viewed conoscopically 
in plane-polarized light, the absorption figure is uniformly colored. The two extreme 
colors, corresponding to the X and Z absorptions, are obtained when the crystal 
is rotated to extinction positions perpendicular to each other. 

The interference figures of pleochroic biaxial crystals in monochromatic light 
differ in certain respects from those of transparent crystals. For wave lengths at 
which the absorption is negligible the interference figures are perfectly normal, 
whereas with moderate absorption the isogyres are intercepted by bright spots on 
the optic axes unless vibration directions of the crystal coincide with the vibration 
planes of the polarizer and analyzer. The optic axial bright spots are brightest 
when the crystal is in the diagonal position, when the lemniscates nearest the optic 
axes also have moderately bright spots at their points of intersection with the 
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Bv substituting plane-polarized light, the crystals show many colors on rotating 
ll m Te« stoge. passing consecutively through dull red, orange, yellow, green 
SueTnd puSe- As would be expected, these crystals show strong dispers.on of 
eltinction Although crystals showing dispersed pleochroism must of ne es y 
show dispersed extinction, the converse is not necessarily true. 

C. MEASUREMENT OF ABSORPTION 

The absorption index, x, was deBned on page 952. It is the ratio of the ampli¬ 
tude of light at any instant to its amplitude one radian of a vibration earlier. 
Other constants expressing the absorption of light by a medium can be derived 
from the absorption index. Two which are common in crystal optics aire^ the 
absorption coefficient, k, which is numerically equal to nx where n is the refractive 
index, and the extinction modulus, m, which is numerically equal to. 

4* 7U • loglQ e 
Xo 


where X 0 is the wave length in air. . . . . K , . K , r 

In computing x, k, or m from measurements of transmission, the loss of light y 
reflection must be taken into account. For an absorbing medium bounded by air 
the transmission is given by the expression: 


T = I/Iq = [16n*/(n + l) 4 ] *10 


— md 


(24) 
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where n is the refractive index, m is the extinction modulus, and d is the thickness 
from which we obtain: 

m = {2 logio [4n/(n + l) 2 ) - log I0 T\/d (25) 

When an absorbing medium is mounted between two pieces of glass with a mounting 
medium having refractive index n', the transmission, T' t is measured relative to 
that of two pieces of glass separated by the same mounting medium. If n" = n/n', 
we have: 

m = {2 logio [4n*/(n* + l) 2 ] - log 10 T'\/d (26) 

The extinction modulus, absorption index, or absorption coefficient of plates of 
weakly absorbing crystals, such as cobalt copper sulfate, cobalt potassium sulfate, 
and other substances of similar absorption, have been determined by cutting 
suitably oriented plates of the crystal and measuring the absorptions for the two 
vibration directions of each plate on a spectrophotometer. (For references, see 
Pockels. m ) Berek 135 has described a slit microphotometer which may be used with 
transmitted polarized light. This instrument gives satisfactory results on crystals 
about one millimeter across when a mercury-vapor lamp is used in conjunction 
with the appropriate Wratten filters as a source of monochromatic light. What is 
needed, however, is a combined microphotometer and monochromator designed 
to function with the polarizing microscope. 

Measurements on crystals with very strong selective absorption, such as organic 
dyes, are hardly ever possible because crystals of the required thickness (often not 
more than a few microns) cannot be grown of a sufficient area for use with low 
magnification. From what has been said above on conoscopic absorption figures, 
it will be realized that the cone of illumination must not exceed a few degrees when 
the principal absorptions of an acute bisectrix section are being measured. It is 
essential that only light which has passed through the crystal be permitted to enter 
the microscope objective; this means that an image of a distant exit pupil of a mono¬ 
chromator must be thrown on the crystal. The ordinary plane mirror of the micro¬ 
scope gives a double image and should, therefore, be replaced by a surface alumi¬ 
nized one. The swing-out type of substage condenser cannot be used if the polarizing 
prism is equipped with a cylindrical correcting lens, but an adequate polarizer can 
be constructed from any type of polarizing prism, over which is mounted a short 
focus achromatic lens. The Bausch & Lomb 21X achromat with an iris diaphragm 
is a good lens for this work, especially if the crystals are mounted between two 
microscope cover glasses so that the correction of the lens is disturbed as little 
as possible. The crystal preparation is fixed to a l r X 3* slide of Bakelite with a 
half-inch hole in the center. As the light entering the condenser is very nearly 
parallel, an ordinary nicol prism is quite satisfactory as a polarizer. Since accurate 
measurements of crystal thickness are rarely possible, quite large errors in the 
absolute values of the extinction modulus are to be expected. However, the 

114 F. Pockels, Lehrbuch der Kristalloplik. Teubner, Berlin, 1906, pp. 403-408. 

m M. Berek, Oplische Messmethdden im polarisierlen Auflicht, Deut. mineral. Gesell- 
schaft, Berlin, 1937. Reprinted from Fortschr. Mineral. Krist. Petrog ., 22, 1-104 (1937). 
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D MEASUREMENT OF DICHROISM 

' The degree of dichroism at any particu.ar.vave 
crystal is the extinction moduli of the section are 
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XiutXSS ^resolved into two beams by the crystal, we have: 
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(27) 
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so that: 


logio h/h = (m, - mt)d 


(29) 


Hence the dichroism can be determined by measuring thc ratio of intensities of the 
two transmitted beams and the thickness of the crystal section. 

The simplest optical method of determining dichroism on the microscope - 
sJs ofTe use of a dichroscopic eyepiece of the Wollaston-pnsm type over wh ch 
otte an analyzing prism on a graduated circle. Neither the polarizer nor the 
body-tube analyzer of the microscope is used during the actual^ 
although a polarizer must be used for the purpose of orienting the cr^ 1 sothat.s 
vibration planes coincide with those of the dichroscope images. It is absolutely 
essential that only light which has passed through the crystal be lUmltoate 
the microscope, in order to avoid the very senous errors which result from lens 
flare (page 969) when the objective is flooded with light. The microscope is 
illuminated with monochromatic light, which, because of the smaU fic d and narro.|, 
cone of illumination required, is conveniently provided by a Bausch & Lomb 
Laboratory Wave-Length Spectrometer. If the intensities of the two adjacent 
images comprising the dichroscope field are 7, and /„ and the vibration plane of the 
analyzer makes an angle 0 with the vibration plane of the image with intensity 
then J 1 /J 2 = tan* 0. Substituting in equation (29) above, we obtain. 


m 2 - m x = (2 log tan d)/d 


(30) 


The readings are repeated at a number of wave lengths in order to obtain the curve 
for dichroism. No correction has been applied for the loss of light by reflection 
at the two crystal faces in the above formula. Such a correction could be applied, 
but it would fail to take account of light reflected back from the microscope objec¬ 
tive to the upper surface of the crystal and back again into the microscope system. 
The most practical solution is mounting the crystals in a medium having a refrac¬ 
tive index about halfway between the two indices for the crystal section, when the 
reflection error becomes negligible. 
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As with other crystal optical measurements, measurements of dichroism are 
valueless unless the optical orientation of the crystal section is known. The 
principal dichroisms are those of optical normal sections which give m t - m Xt 
and bisectrix sections which give m x - m„ (negative acute, and positive obtuse)', 
and m„ - m z (positive acute, and negative obtuse). Obviously, if the dichroism 
is known for two principal sections, the third is obtained from the sum or difference 
of the other two. Dichroism curves are obtained by plotting dichroism against 
wave length. 


E. METALLIC REFLECTION 

Metallic reflection is reflection of the larger part of the incident light. The 
reflecting power, R, of a plane surface of a substance is defined as the ratio of the 
intensity of the reflected light to that of the incident light for normal incidence. 
If the substance has refractive index n and absorption index k: 

R « [( n - 1)* + nV]/[(n + 1)* + nV] (31) 

Obviously R approaches unity as k increases and as n increases above unity or 
decreases below it. Metals have high values of k and consequently reflect a large 
part of the incident light, whereas the reflecting power of a transparent substance 
is only considerable if its refractive index is high. Thus, for X = 589 mp, silver 
and platinum have reflecting powers of 0.93 and 0.70, respectively, while those of 
water, window glass, and diamond are 0.023,0.04, and 0.172, respectively, the high 
reflecting power of the diamond being due to its high refractive index (2.417). 
In general, any face of an anisotropic absorbing crystal has different reflecting pow¬ 
ers for its two vibration directions. 

Metallic reflection is of interest to the organic chemical microscopist because 
this type of reflection occurs with a great many dyes. Very strongly colored 
crystals of dyes have large values for one or more of the principal absorption indices 
with correspondingly high refractive indices on the long wave-length side of the 
absorption band. Berek m has evolved microscopical methods of determining the 
reflecting power and double reflection of anisotropic absorbing crystals. One of 
these methods employs his slit microphotometer. Another uses a specially con¬ 
structed elliptical analyzer. The success of these methods owes much to Berek’s 
ingenious modification of the vertical illuminator. In place of a simple right- 
angled prism, he uses a compensating prism, which is constructed of glass having a 
refractive index of \/3. Plane-polarized light entering the prism suffers three 
internal reflections and emerges as plane-polarized light for all azimuths of the 
plane of vibration. This work docs not appear to have been extended to the study 
of dyes, possibly because of the difficulty of growing dye crystals with optically 
flat faces. However, a qualitative study of the phenomena exhibited by dye crystals 
under vertical illumination is of interest. 

The double reflection of the different faces of an absorbing anisotropic crystal 
may be observed in three ways. First, the crystal may be examined by vertical 
illumination with plane-polarized light. The crystal is conveniently mounted on 
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one parallel to the plane of incidence. This latter setting has the advantage that^ 
™hen the light enters the illuminator directly towards the observer (N-S), the 
when the g customary E-W position. The setting of the polarizer 

can be* checked by observing the darkness of the field when the microscope is 
focused on a clean microscope slide. The polarization effects of a face of a doubly 
reflecting crystal as seen by vertical illumination with crossed mcols are as follows. 

(1) On rotating the microscope stage the crystal goes through four extinction 
positions, 90° apart, in one complete revolution unless the crystal is '” onocl ' n ^ 
or triclinic with the particular face being studied showing appreciable dispersion 
of its vibration directions. Such dispersion of the vibration directions gives vivid, 
and often characteristic, colors in place of extinction. In the four diagonal posi- 

tions the image has maximum brightness. .... 

(2) If the reflecting power for one vibration direction is considerably greater 
than for the other, the crystal in the diagonal position appears the same color as 
that observed with polarizer or analyzer alone for the vibration direction of the 

8tr (S) g If the two reflections are both high and of not greatly different intensity, 
interference colors may be produced which are unrelated to either the absorption 
or the reflection of the crystal. The colors result from the interference of the 
resolved components of two elliptically polarized rays, and are in consequence less 
saturated than the interference colors of the first and second orders obtained with 
transmitted light from colorless crystals between crossed mcols. A good example 
of this type of interference is given by the mineral marcasite, the orthorhombic 


E. E. Jelley, /. Roy. Microscop. Soc., 54, 18 (1934). 
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form of FeS 2 . A polished specimen of this mineral exhibits curious pastel colors 
with crossed-nicol vertical illumination. 

The reflecting power of a plane surface of an absorbing substance is changed to 
some degree by immersing it in a medium of refractive index n*. The change is 
slight with metals having a high absorption index, this being the case for silver 
(k = 20.6), chromium (x = 4.9), and cadmium (x = 5.0). An easily perceptible 
lowering of reflecting power occurs with metals having a somewhat lower ab¬ 
sorption index, such as nickel (x = 1.86) and tungsten (x = 0.94). (The above 
values of x are for X = 589 m/z.) The loss of reflecting power with many metals is 
greater at shorter wave lengths, since x is usually lower in this region. Crystals of 
dyes have considerably lower absorption indices than those of metals; even the 
highest value of x rarely exceeds 0.1 and is usually much lower, so that the effect 
of immersion is great. The reflecting power for any vibration direction is lowered 
when the corresponding refractive index is greater than y/n~ m , and is a minimum 
when it is n». When, however, the refractive index is less than y/n m , the reflecting 
power is increased. Both of these effects can occur for one vibration direction of 
a single face of a crystal, since the refractive index is abnormally high for the long¬ 
wave side of an absorption band, and abnormally low for the short-wave side. 
This lowering of reflecting power on the long-wave side of an absorption band 
together with an increase on the short-wave side in the immediate vicinity of the 
absorption band, gives rise to a color shift towards the blue as well as to an increase 
°f color saturation. The effect is present with dyes having a narrow and intense 
absorption band in the middle of the visible spectrum. Examples occur in the cya¬ 
nine class of photographic sensitizing dyes. This effect is also shown by amorphous 
films of some readily accessible dyes, such as basic fuchsin, pararosaniline hydro¬ 
chloride, and the various methyl violets; the films are prepared by rapidly drying 
thin layers of saturated alcohol solutions of the dyes on glass plates. It should be 
noted that, with crystals embedded in a mounting medium between an object 
slide and cover glass, approximately 4% of the vertically incident white light is 
reflected by the top surface of the cover glass when a dry objective is used. This 
white light is mixed with the light reflected from the crystal and reduces its color 
saturation; it can be eliminated, when desired, by using a prism of small angle 
(10-15°) as a cover. 

P. COLOR AND CONSTITUTION 

Textbooks on petrography usually divide colored minerals into two classes: 
idiochromatic, in which the color is due to the absorption of the mineral itself; and 
allochromatic, in which the coloring matter is suspended in the mineral as minute 
inclusions. In chemical microscopy, the colored crystals with which we are con¬ 
cerned are idiochromatic. 

The absorption of light by a substance, crystalline or otherwise, is due to electron 
transitions for some frequency range (or ranges) of the electromagnetic waves which 
constitute light. The absorption of an individual molecule or ion is modified by 
its environment; the greatest modification usually occurs when the molecules or 
ions are packed in a crystal lattice. We shall first consider the principal types of 
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groups surrounding it. Consequently, the absorption spectrum of a compound of 
8 nf these elements also depends on the nature of the coordinated groups. The 
very wide range of colors displayed by bivalent and tnvalent 
illustrates this fact. In certain ions, such as Cr0 4 , Mn0 4 , and 2 » , 

is an empty subshell immediately below the valency electron leveU j*. that 
transitions from lower levels to the otherwise empty subshell are possible. Brode 
considers that the coordinated shell of oxygen atoms in the permanganate 
shields the third subshell, and that this accounts for 
some seven components in its principal absorption 

atoms of the chromate and manganate ions do not afford any substantial degree o 

Sh Moieoitor absorbers are the type encountered in colored organic compounds. 
Such compounds are highly unsaturated structures in which resonance occurs 
between two or more electronic configurations of the molecules. A conjugate 
double bond system is present in the great majority of colored organic compounds, 
either in the form of carbocyclic or heterocyclic nuclei, or as chains such as 
/_C=C\— and —N=N—. Usually, both conjugated ring and chain systems 
( H H ) 

occur in the same molecule. In general, the frequency at which conjugated chain 
and ring systems absorb is lower the greater the number of atoms in the conjugated 
system. The resonance frequency is also lowered by attaching polar groups such 
as — NO a —CN, —NR*, =0, =S, —NO, and —OH to the terminal atoms in 
conjugated systems. Ketenes represent a rare type of a resonating consecutive 
double bond chain of atoms. Detailed discussions on resonance in its relation to 


131 F. I. G. Rawlins, Trans. Faraday Soc., 25, 762 (1929). 

138 M. H. Dufet, Bull. soc. fran$. mineral., 24, 373 (1901). See also E. E. Jelley, 
yature , 136, 335 (1935). 

139 W. R. Brode, Chemical Spectroscopy. 2nd ed., Wiley, New York, 1943, p. 267. 
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the color and constitution of organic compounds have been given by Lewis and 
Calvin 140 and by Brooker. 141 The color of free radicals results from transitions be¬ 
tween an incomplete shell of a carbon or nitrogen atom and other atoms or groups 
attached to it; the absorbing system is therefore of the atomic-molecular type of 
the present classification. 

It is of interest to consider the effect of environment on the absorption of mole¬ 
cules, with particular reference to the absorption of crystals. When the molecules 
of a light-absorbing substance are so far apart in space that there is no appreciable 
interaction between them, the absorption spectrum consists of many thousands of 
sharp lines arranged in bands which result from the superimposition of many 
quantized levels of rotational and vibrational energy on the energy of the various 
electron transitions. The energy absorbed by such isolated molecules is re-emitted 
as resonance radiation. 141 

At somewhat higher vapor pressures the resonance radiation ceases, for the 
potential energy of electrons in higher levels is translated into energy of vibration 
and rotation of other molecules with which the excited molecule collides, but the 
character of the absorption remains substantially unchanged. However, when the 
absorbing molecules are in a liquid or solid, molecular collisions result in a con¬ 
siderable broadening of the fine structure of the absorption bands. At room tem¬ 
perature the absorption bands may still show several moderately sharp maxima, 
but the fine structure entirely disappears. The influence of dipole moment, re¬ 
fractive index, and other factors on the molar extinction coefficient and position of 
the absorption maximum of dyes in solution is discussed by Sheppard and co- 
workers 143 in a paper on the effects of environment and aggregation on the absorp¬ 
tion spectra of dyes. 

In crystals of an absorbing compound, the molecules or ions are arranged in a 
regular manner, and the absorption may become quite complicated. The effect of 
packing an atomic absorbing system, such as the neodymium sulfate octahydrate 
mentioned above, in a crystal lattice is to make the absorption bands much nar¬ 
rower than they are for the same absorbing ion in aqueous solution or in a glass, 
such as neodymiumglass. Spedding 144 has shown that thegroupingof the absorption 
lines of a rare earth salt depends on the crystal symmetry of the substance. The 
absorption spectrum of atomic-molecular absorbers is not usually greatly changed 
in a crystal lattice unless strongly polar ions, such as NOa“, are also present. The 
platinocyanides, referred to on page 953, are a marked exception to this rule; the 
Pt(CN) 4 ion in aqueous solution and in anhydrous crystals is colorless, whereas 
crystals containing water of crystallization are very strongly colored and exhibit 
metallic reflection for certain wave lengths. The color is deeper the greater the 


,w G. N. Lewis and M. Calvin, Chem. Revs., 25, 273 (1939). 

141 L. G. S. Brooker, J. Am. Chem. Soc., 62, 1116 (1940); 63, 3192. 3203, 3214 (1941); 
64, 199 (1942); Rev. Modern Phys., 14, 275 (1942). See also A. Maccoll, Quart. Rev., 
1, 16(1947). 

R. W. Wood. Physical Optics. 3rd ed.. Macmillan, New York, 1934, pp. 616-647. 

143 S. E. Sheppard, Rev. Modern Phys., 14, 303-340 (1942). 

144 F. H. Spedding, /. Chem. Phys., 5, 160 (1937); Phys. Rev., 50, 574 (1936). 
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the crystals. 


Tabi.e IX 

Colors of Platinocyanide Crystals 


Subatonce 


Ap. pt (CN)« 

(NH«)iPt(CN)«2HjO 

K t Pt(CN)«3IIaO 

BaPt(CN)«4HjO 

MgPt(CN)«5H,0 

MuPt(CN)«7H;0 

Yj^Pt(CN)* )»21 HjO 


Pt( 


H»0 per 
(CfOi-- 


0 

0 

1 

2 

3 

4 

5 
7 
7 


Color by tranamiasion 


Colorless 

Colorless 

Colorless 

Yellow 

Yellow , . 

Green and yellow pleochroic 
Deep yellow 

Purple and red pleochroic 
Red, yellow, green, and 
colorless pleochroic 


Metallic reflection 


None 

None 

Blue-violet 

Blue 


Blue and green 
Blue and green 


. '•JSSZttS ssttsr-55 5f 

mToui in lattice, both the birefringence and the pleochro.sm are 

. pmo Usually however, the molecules are arranged so that they can be 

—itfr t iss 

- * ■ 

ion attached to the dye may exert a very considerable mflnenccontheUgi.tabsorb- 
ing properties of the crystal. This is especially true of basic dyes of the cyanine 
ells Crystals of the chlorides of these dyes are not very different in color from 
their solutions, but the colors of crystals of the perchlorates of these dyes are often 
quite different from those of their solutions. This is particularly true of! curtate 
whose principal refractive indices are very close together; not only 18 the,r 
tion weak, but also the absorption maximum is often sh> ted toward the v .olet enc 
of the spectrum, an effect clearly shown by different salts of 1,1 -d ethyl-2,- -cya¬ 
nine which vary from the deep red halides to the pale straw-colored trithionate. 


i« c. E. K. Mees, Theory of the Photographic Process. Macmillan, New \ork, 1942, 
p. 1035. 

C. E. K. Mees, op. cit., p. 992. 

»« E. E. Jelley, Ind. Eng. Chem., Anal. Ed.. 13, 196 (1941). 
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Preparation of Colored Crystals 

The preparation of colored crystals for microscopic observation is com¬ 
plicated by the necessity of obtaining crystals thin enough for examination 
by transmitted light and yet of sufficient area to permit of easy observation 
of their pleochroism and optical orientation. Crystals of lamellar habit 
are ideal for examination; the difficulty is, of course, that such crystals 
present only one optical orientation. The habit of crystals of organic 
compounds is often different for different solvents, but the possibility that 
the crystal may contain solvent of crystallization or exist in polymorphous 
forms must be kept in mind. Since much of the microscopy of colored 
organic crystals consists of comparing known with unknown crystals, it 
is important the same salts of acidic and basic dyes should be compared 
after crystallization from the same solvent under identical conditions of 
evaporation or cooling. 

A. BASIC DYES 

The choice of anion depends on the solubility of the dye. By far the 
most generally useful salts are the perchlorates, which usually show strong 
pleochroism. The perchlorates are prepared by precipitating the dye from 
an aqueous or alcoholic solution by the addition of a large excess of sodium 
perchlorate solution. When the quantity of dye is very small, its per¬ 
chlorate may be collected in a filter tube, rinsed with a drop or two of 
water, and then recovered by extracting the filter with methanol or other 
suitable solvent. With very soluble dyes, a larger anion is an advantage, 
such as that of Reinecke salt, [Cr(CNS)4(NH 3 ) 2 ]“. Other well-charac¬ 
terized crystals of basic dyes are the picrates, in which the strong blue 
absorption of the picrate anion is little changed by the presence of the dye 
cations in the crystal, while the absorption of the cation may be com¬ 
pletely changed. 

B. ACID DYES 

The alkali and alkaline earth salts of sulfonated dyes do not always 
form crystals suitable for microscopic study. In this case it is best to 
prepare the free acid and add an excess of a volatile alkali such as ammonia 
or morpholine. Well-characterized crystals can often be obtained by 
double decomposition with salts of bulky cations such as [Co en 3 ]Cl 3 , 
[Co(NH 3 ) 3 ]C1 3 , [Zn en^jSO*, [Cu where en indicates ethylene- 

diamine. An excess of the metallic coordination compound is used to 
precipitate the dye complex, which is then collected and recrystallized 
from water. Silver-thiourea complexes of acid dyes are readily obtained 



XV. MICROSCOPY 


967 


by adding to 0» dy. solution an excess of .Mto- 
thiourea previously saturated with silver chloride. 


C- 


EVAPORATION 

As with colorless crystals, the evaporation of a solvent may y^d crystals 
suitable for study. The simplest case is that of the ^ a 

pure solvent such as n-hexane, benzene or water. Eyaporat on Um 
small beaker gives crystals more suitable for the study of c y 
of optical properties, whereas evaporation of a film of ■dutwaon 
slide will often yield crystals thin enough and of sufficient are , Pj 
study. Both types of crystal are usually necessary m order to correlate 
the geometric and optical characteristics. Comphcatedorgamccom- 
pounds, such as dyes in general, crystallize very stowly, so fhat the rate of 
evaporation must be retarded lest the preparation dry before the crystal, 
have time to grow to a satisfactory size. Object-slide preparations sho 
be covered with a watch glass and protected from drafts so that the evapo¬ 
ration takes from 15 to 60 minutes. Extremely concentrated solutions 
may be handled by the object-slide technique; thus nitrobenzene and 
pyridine are useful solvents for cyanine dyes. Use may be made ot the 
property of certain solvents of not wetting glass in order to collect traces 
of a dye left on an object slide by the evaporation of a wetting solvent such 
as acetone, alcohol, or water. A small globule of the nonwetting solvent 
is rolled over the object slide with the aid of a very thin glass rod until it 
has picked up sufficient dye, and is then allowed to evaporate. Evaporation 
of mixed solvents, in which the more volatile constituent is also the best 
solvent, is a very useful method of growing crystals of dyes. For example, 
dyes insoluble in water, but soluble in dilute alcohol, may be crystallized 
by allowing their solution in dilute alcohol to evaporate; the percentage 
of alcohol in the mother liquor falls, and the dye crystallizes out from 
solution. 


D. COOLING 

When a substance is substantially more soluble in a given solvent at 
high than at low temperatures, it may be recrystallized by cooling its hot 
saturated solution. This principle may often be applied to the micro¬ 
recrystallization of dyes on an object slide. The liquid chosen should 
be such that the solubility of the dye has a very high temperature coeffi¬ 
cient, such as pyridine and quinoline for acid dyes, a-bromonaphthalene 
for many basic dyes, triethylbenzene for nonionized dyes of low solubility. 
With this method of crystallization, polymorphous varieties of both un- 

148 E. E. Jelley, unpublished work. 
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solvated and solvated crystals may occur. The cooling should in any 
case be slow—over a one- or two-hour period at least. 

E. DILUTION WITH A NONSOLVENT 

Addition of a nonsolvent to a solution of a dye will throw it out of solution 
if there is an appreciable affinity between the molecules of the solvent and 
the nonsolvent. Typical systems of this nature arc alcohol (solvent) 
diluted with water (nonsolvent) and pyridine or nitrobenzene (solvents) 
diluted with benzene or cyclohexane (nonsolvents). The nonsolvent must 
be added very slowly to the solvent, since too rapid precipitation yields 
very small and aggregated crystals. A convenient way of carrying out 
crystallization by dilution is to place the more or less saturated solution 
of the dye, contained in a microbeaker or a cavity in an object slide, in a 
desiccator containing a beaker of nonsolvent. Dilution from the vapor 
phase then takes place very slowly and evenly, and good crystals are formed 
in a few days. 

Probably the method of Vesce 149 of growing dye crystals is a dilution 
method. He uses 93% sulfuric acid as a solvent for both sulfonated and 
unsulfonated azo dyes. Some of the powdered dye is stirred into a drop 
of acid on an object slide and the slide is then covered. Crystals form after 
several minutes and may subsequently change; the general appearance 
of the crystals serves for their characterization. The formation of the 
crystals and their subsequent modification could be due to dilution of the 
sulfuric acid with water from the atmosphere. The method does not, 
however, lend itself to a study of the optical properties of the crystals. 

F. DIFFUSION METHOD 

A modification of the dilution method has proved itself particularly 
useful for the preparation of large areas of strongly absorbing crystals 
of cyanine dyes.' 48 A milligram or so of dye is dissolved in a drop of 
nitrobenzene and the concentrated solution of dye is transferred to a clean 
object slide. The droplet is covered with a cover circle 18 or 22 milli¬ 
meters in diameter, when it spreads out to form a somewhat irregular 
film approximately 10 millimeters in diameter. Some xylol balsam, 
warmed if necessary, is run round the edge of the cover circle with the aid 
of a turntable, and the slide is stored for some days at 35° to 45° C., when 
crystals will usually form. The thickness of the crystals is limited by the 
distance apart of the cover and object glass, and may be between 10 and 
100 n. This method, which has given particularly good results with 

149 V. C. Vesce, in J. J. Matticllo. Protective and Decorative Coatings. Vol. II Wiley, 
New York, 1942, pp. 124-163. 
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perchlorates of cyanine dyes, has the advantage that the crystals are 
grown and mounted in a single operation. 


Methods of Examination 


A. ORTHOSCOPIC 

The morphology of the crystal should first be studied as far as possible, 
and then observations on the nature of the extinction between crossed 
nicols should be made. Organic dyes in crystalline form rarely have a 
symmetry higher than orthorhombic, and consequently are quite like y 
to show one or more types of optical dispersion, often to an extreme extent. 
Most triclinic crystals, and monoclinic crystals viewed along other than a 
perpendicular to the ortho-axis b, show some dispersion of extinction. 
The nature and extent of this dispersion should be noted. Observations 
on pleochroism should be made on crystals in their extinction positions, 
when they possess them. It should be remembered that dye crystals 
often have an abnormally high reflectivity as a consequence of very strong 
selective absorption. This may completely change the apparent pleo¬ 
chroism of crystals viewed with a dry objective when the field is filled with 
light, since light is reflected from the front glass surface of the objective to 
the top surface of the crystal and thence back into the microscope. Crystals 
which should appear very deep blue or purple for one vibration direction 
often appear a bright yellowish green. A striking example of this effect 
was shown by l,l'-diethyl-2,2'-cyanine perchlorate crystallized from 
nitrobenzene by the diffusion method. When examined with a 10 X 
objective in a narrow cone of polarized light, they presented colorless and 
pale brown pleochroism, whereas the true pleochroism was colorless and 
deep red, as was demonstrated by restricting the field of illumination until 
it fell within the crystal. 147 The only certain way of studying the pleo¬ 
chroism of organic crystals with strong selective absorption is to restrict 
the area of illumination so that it falls entirely within the crystal being 
studied (see page 959). 

B. CONOSCOPIC INTERFERENCE FIGURES 

The conoscopic examination of colored crystals between crossed nicols 
follows the general lines of that of transparent crystals discussed on pages 
921-930. Preliminary work is best carried out with monochromatic 
sodium (X = 589 m/z) or mercury (X = 546) light, if the crystals are suffi¬ 
ciently transparent to this region of the spectrum. Crystals transmitting 
the red end of the spectrum are best examined with tungsten light filtered 
through a Wratten No. 29(F), or a combination of No. 29(F) and No. 35 
(D). If one or both of the optic axes appear in the interference figure as 
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seen with monochromatic light, it is then profitable to change over to white 
light. The interference figure appears more recognizable when the crystal 
is in the extinction position. Crossed axial plane dispersion is quite com¬ 
mon in crystals of dyes, particularly magenta and purple ones, and dis¬ 
persion of two or three of the principal vibration directions is fairly com¬ 
mon, so that the interpretation of the interference figure is often imprac¬ 
ticable. However, it is this complexity of the interference figures of dyes 
which makes them all the more useful as a qualitative basis of comparison 
of known with unknown substances for the purposes of identification. 
The appearance of the interference figure of a crystal of a dye depends on 
the thickness of the crystal. With crystals thin enough to have only weak 
absorption very brilliant color effects, due to a combination of optical 
dispersion and absorption, are often exhibited, while with thick crystals 
an almost monochromatic band of light is transmitted and the interference 
figure appears to be fairly normal. 

C. CONOSCOPIC ABSORPTION FIGURES 

The absorption figures qf small dye crystals are usually difficult to ob¬ 
tain, but are a valuable aid in their study and optical characterization. 
Absorption figures are obtained by using either the polarizer or the analyzer 
in the conoscopic mode of examination. The principal practical difficulty 
is lens flare, which arises from the circumstance that the microscope 
objective is usually flooded with light which has passed round the crystal, 
whereas in the study of the corresponding interference figure this light 
is extinguished by the analyzer. Obviously the difficulty is diminished 
by using an objective with as small a field of view as possible. A 2-mra. 
oil-immersion objective and 1.40 N.A. oil-immersion condenser give the 
clearest absorption figures. If the illuminated area can be restricted to 
fall within the crystal under examination, lens flare is eliminated; how¬ 
ever, this usually needs a polarizing substage of special construction. 

Conoscopic absorption figures are of great value in determining whether 
or not a number of crystals presenting different dichroism when examined 
orthoscopically are different orientations of the same crystalline modi¬ 
fication. 

D. MICROSPECTROGRAPH 

The author’s microspectrograph is well adapted to the study of pleo- 
chroism, both orthoscopically and conoscopically. Neither the polarizer 
nor the analyzer of the microscope is used for microspectrography; instead, 
the image of the crystal or its conoscopic disk is projected on the slit of the 
microspectrograph, and a Wollaston prism is inserted in the collimated 
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light beam to produce two adjacent spectra corresponding tothevibration 
nfanes of'the crystal. In order to set a crystal so that its vbrat.cn planes 
agree with the vibration planes of the Wollaston pr.sm, the microscope 
polarizer is temporarily inserted and rotated until it extinguishes one of the 
linages given by the Wollaston, the crystal is rotated to extinction, and the 
polarizer is withdrawn. 


E. VERTICAL ILLUMINATION 

Large crystals of dyes having strong selective absorption are conveniently 
studied by vertical illumination with a 6X or 10X objective. Some form 
of simple rotation apparatus is essential for orienting the crystal; the 
reflected light is analyzed as explained on page 901. The extreme colors 
of the crystal are sometimes quite characteristic, and different, for homolo¬ 
gous dyes. 

IV. ELECTRON MICROSCOPY 
1. The Transmission Electron Microscope 

It is less than a quarter of a century since de Broglie postulated from 
theoretical considerations that discrete corpuscles should, like light, pos¬ 
sess a dual nature: a wave is associated with the motion of a corpuscle. 
De Broglie showed that the wave length of a moving corpuscle, such as 
an electron, is X = h/mv, where h is Planck’s constant, m is the mass of the 
corpuscle, and v is its velocity. In the case of electrons which have been 
accelerated through a potential difference of V volts, the wave length X — 
12.3/\/P A. The history of the subsequent development of the electron 
microscope, from the working out of the mathematics of electron optics by 
Busch, the experimental demonstration of the wave characteristics of 
moving electrons by Davisson and Germer in America and G. P. Thomson 
in Great Britain, the construction of the first two-stage electron micro¬ 
scope of Knoll and Ruska, the first application of the electron microscope to 
biology by Marton, and the further development of the electron micro¬ 
scope to the commercial stage, is a most fascinating story. However, an 
account of the development of the electron microscope and its optics is out¬ 
side the scope of the present article which is intended as a guide to the use 
of commercial instruments. The reader who is interested in further study 
of the theory and development of the electron microscope is referred to an 
excellent chapter by Prebus 150 and to the books given under the general ref¬ 
erences. 

150 A. F. Prebus, in J. Alexander, Colloid Chemistry. Vol. V, Reinhold, New \ ork, 
1944, pp. 152-235. 
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In principle, as is shown diagrammatically in figure 41, the electron 
microscope hears a strong resemblance to a photomicrographic apparatus. 
In place of the light source used for photomicrography, the electron micro¬ 
scope employs an “electron gun” which generates a powerful beam of elec¬ 
trons and accelerates them through a potential difference of 30,000 to 
60,000 volts. The diameter of the beam of electrons is controlled by a very 
small aperture (about 0.1 mm.) in the cathode shield. In place of the opti¬ 
cal condenser, objective, and projection eyepiece of the photomicrographic 



Cross section showing field (dotted 
lines) of doughnut-shaped magnetic coil 
used to bend paths of electron rays, 
bringing rays to a focus and causing 

[ •rejected image of specimen to be cn- 
arged exactly as an optical lens focuses 
and enlarges a beam of light. 


Magnetic lenses in b are arranged in the 
same manner and perform the same functions 
as optical lenses in a, but are not moved as 
arc optical lenses. The same effect is more 
easily obtained simply by varying the current 
flowing in the coils. This varies the intensity 
of the field acting on the electron rays and is 
equivalent to producing a continuously 
variable focal length lens. 


LIGHT 

MICROSCOPE 
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MICROSCOPE 
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Fig. 41.—Principle of the electron microscope (courtesy Radio Corporation of America). 


apparatus, specially designed electrostatic or electromagnetic condensers, 
objectives, and projector lenses are employed. The electron image falls 
on a fluorescent screen which is viewed through a low-power magnifier. 
A photographic plate in a holder immediately below the fluorescent screen 
is exposed by turning the fluorescent screen aside, or the plate holder may 
be swung in front of the fluorescent screen. In many two-stage electron 
microscopes another fluorescent screen intercepts the electron image at 
the first stage of magnification, with the exception of a small disk directly 
over the aperture of the projector lens. The electrons which pass through 
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diameters by removing one of the magnetic lenses, an operation which 
takes about five minutes. The electron micrograms are further magnified 
by photographic enlargement in order to render all the fine detail vis. ^ 
to the eye The Console Model operates on a cathode potential of 30,000 
volts instead of -50,000 volts as in the Universal Model. Although t . 

£!£££- - «*•**» - in ,h , e h M h' 1, ™ “S 

docs not affect the performance with many types of object The ™>ng 
power is better than 100 A., with a relatively enormous depth of focus of 
10 „ Advantage is taken of this great depth of focus by the incorpoi ation 
£ a stereoscopic micrographing device. The Uni vernal Mode ,s an in¬ 
strument of considerable flexibility of application which is well adapte 
to the needs of research and development laboratories. Four langes of 
magnification are provided which cover from SOX to 800X. 800X to 
3200X, 3700X to 11.000X, and 7500X to 20.000X. The first thiee 
ranges are obtained by lens adjustments. In the highest power, and most- 
used range, the range of magnification is covered in ten fixed ^ con¬ 
trolled by a selector on the sloping front panel of the instrument. The dept 
of focus is from 10 to 25 n, and a resolving power of 100 A. is guaranteed. 
In actual practice, resolving powers of 30 to 50 A. are often achieved. Pi o- 
vision is made for obtaining electron diffraction patterns of the mounted 
objects As in the Console Model, a stereoscopic micrographing device is 
standard equipment. The RCA Universal Model electron microscope is 
shown in figure 42 opened for inspection. In both of these instruments, 
pumping down to the operating vacuum of about lO" 5 mm. of mercury 
requires 1.5 to 2 minutes. 


* The General Electric electrostatic electron microscope, described by C. H. Bachman 
and S Ramo, J. Applied Phys., 14, 155 (1943) is not commercially available at present . 
However, at the December, 1947, meeting of the Electron Microscope Society of America, 
G. Fleming, R. Rempfer, E. Asherman, and P. Nolan showed some remarkably sharp 
electron micrograms obtained with a new electrostatic electron microscope which is 
still in the development stage, J. Applied Phys., 19, 125 (1948). 

151 Electron Microscope Section, Radio Corporation of America, Camden, N. J. 
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A fairly detailed description of a commercial British electron microscope 
the Metropolitan-Vickers type E.M.2, has been given by Haine. 152 



Fig. 42.—R('A electron microscope opened for inspection: 

.1, power supplies; H, plate holder; C, vacuum pump; D, elec¬ 
tron gun; E, specimen chamber; F, diffraction chamber; G, 
viewing chamber; H, magnification control; /, oil diffusion 
pump. 

2. Preparation of Specimens for Transmission Electron Microscopy 

The specimen must he capable of withstanding bombardment with 50- 
kilovolt electrons in a vacuum of 10to 10~ 6 mm. of mercury, and it must 
bo supported in such a manner that electrons which are not stopped, scat¬ 
tered, or diffracted by the specimen will travel on to the photographic 


141 M. K. Ilaiuc,./. Inst. Eire. Engr*. London, 94, 447 (1947). 
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date If structure is to be observed in the spec.mcn, it must be th 
enough to transmit a large fraction of the incident deetrons with substan¬ 
tially unchanged direction and velocity. For spec.mens with a dens.ty of 
approximately unity, the full resolving power of the e'ectron microscope >s 
nossible only when the thickness of the specimen is less than 0.1 m- _ le 
solving power falls off with rough proportionality with increase of .|J lck "®^ 
of the object, so that it is not much better than that obtainable with a lig 
microscope for specimens 1 M thick. Electron scattering within thick ob¬ 
jects also causes lack of sharpness of the image, details in the side of the 
specimen away from the objective lens being rendered hazy m consequence 
Specimens must be mounted on a suitable support. The type most 
widely used consists of a disk of fine-mesh wire screen, either woven or 
electroplated, of about 200 meshes to the linear inch. A Particular ad- 
vantage of a screen of this type over a single small hole in a disk of metal is 
that a large number of apertures are available for study without the neces¬ 
sity of changing the specimen holder: the observer can quickly change 
to a new field if the specimen in the mesh under observation becomes dam 
aged by electron bombardment. Some types of specimen require no sup¬ 
port other than the metallic screen. Among these may be mentioned: 
smokes, the screen being “smoked” directly above the flame; and high 
molecular weight polymers which are soluble in organic solvents. Useful 
polymer specimens may often be obtained by dipping the metal screen into 
a solution of suitable concentration, draining it, and then allowing it to dry. 

More often, however, the material is of such a nature that it requires an 
auxiliary continuous support which possesses adequate mechanical strength 
and resistance to electron bombardment, but is free from resolvable struc¬ 
ture of its own. Two of the most generally used materials are collodion 
(cellulose nitrate) and polyvinyl formal, marketed under the name of 
Formvar 15-95 by Shawinigan Products Corp., New York. With proper 
handling, these materials will yield structure-free films of about 100 A. 
thickness. Collodion films of the required properties are prepared by al¬ 
lowing a single drop of a well-filtered 2% solution of collodion in amyl ace¬ 
tate to fall on a large dust- and grease-free surface of distilled water. As 
the amyl acetate evaporates, a rapidly decending scale of interference colors 
is seen, a successful preparation being indicated by a film of fairly uniform 
color. The highest interference color observed should be a third-order 
red; when evaporation of the amyl acetate is complete, the film is, of 
course, too thin to give interference colors, but is readily seen by its dif¬ 
ference in reflectivity from that of the surrounding water surface. Several 
little screen disks are now placed on the surface of the collodion and are 
gently pressed into firm contact. A special circular loop on a bent handle 
is inserted in the water underneath the film, and is then raised directly 
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under a disk. A needle point is run around the edge of the loop in order 
to cut out the disk of collodion film. The disks are transferred, collodion 
side up, to a set of holders, and any adhering water is removed. The ma¬ 
terial for examination, suspended in water, is applied to the collodion. The 
disk is then transferred to the microscope cartridge and is held in place by 
a cap. Finally, the cartridge is loaded into the object chamber of the 
microscope. When the preparation has been carried out correctly, the 
metal screen faces the electron gun and condenser. A modification of this 
technique is to disperse the material under examination in the collodion 
solution. 

Polyvinyl formal (Formvar 15-95), is used as a 0.1% solution in dioxane 
or ethylene dichloride. A thoroughly cleaned glass slide is dipped into the 
polyvinyl formal solution and is then withdrawn. After the solvent has 
evaporated the coating is ruled with a needle point into areas of the requi¬ 
site size. The small squares are floated off the glass by immersing it in 
water. 153 Polyvinyl formal films are preferred to collodion films by many 
workers. 

An important technique which shows considerable promise in the study 
of large molecules and molecular aggregates is that of Williams and Wyck- 
off 154 in which a shadow of the object is cast on the supporting film by 
evaporating a metal on it at very nearly grazing incidence. In this way 
the height of the specimen is given a preliminary “magnification,” as an 
elongated shadow of it is cast on the supporting membrane. The metal 
used for this purpose must form a continuous film: suitable metals are 
chromium, gold, and uranium. A special advantage of this technique is 
that a satisfactory degree of contrast is obtained of individual particles 
which have too low a stopping power for electrons to yield images of ade¬ 
quate contrast. 155 Another advantage of the shadow technique is that the 
shadowgraphs are much more resistant to electron bombardment than are 
most of the specimens from which they are prepared. According to 
Wyckoff, metal shadowing has so far improved molecular photography that 
the practical lower limit of size of molecules that can now be distinguished 
is set by the molecular roughness of the supporting membrane, both collo¬ 
dion and Formvar being molecularly rough. However, the effect of struc¬ 
ture of these materials can be largely suppressed through recourse to a 
replica technique whereby molecules are shadowed on a smooth glass sur¬ 
face, and the resulting metal film is backed up with unshadowed plastic. 

,SJ V. J. Schaeffer and D. Harker, J. Applied Phys ., 13, 427 (1942). 

184 R. C. Williams and R. W. G. Wyckoff, J. Applied Phys., 15, 712 (1944); 17, 23 
(1946). 

•“ R. W. G. Wyckoff, Science, 104, 21 (1946). 
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Hi,,:.. and Baker 150 have described a technique for mounting bacteria, 
inwth a 1% solution of collodion in amyl 

s sirs, 

Xrihl'l “«t”, it Ch W in th. 

‘SL cannot b. cut thta.c 

microns, which i. ten to twenty time, too th.ck tor ™ “ 

electron microscope. A high-speed m.crotome in which the 
slowly advanced toward a razor blade mounted on h e ™ ,£ 

rotating wheel, was proposed 1 ” and has subsequently been developed. 
According to details of the technique given by Schuster, 15 the' bigb-spec 
wheel has a diameter of 3.5 inches, and revolves at 30,000 to 40,000> J P ™- 
The razor blade protrudes 4 mm. radially, with a cutting ang _ 

The sections are blown on to fine wire screens s.ipporting thin ro.m-var 
membranes. It is because of the terrific cutting speed of 150 to 200 meters 
per second that sections as thin as 0.2 M can be obtained. An instrument of 

this type is now produced commercially. 160 

Another technique of importance in fields as far apart as metallurgj and 
the study of textile fibers, is that of replicas. There are various ways of 
preparing surface replicas suitable for electron micrography. Originally 
the method was applied to the preparation of aluminum oxide replicas 
of etched aluminum specimens by oxidizing them anodically in a saturated 
solution of borax and boric acid. 161 Many of the earlier replica methods, 
which were concerned with the study of etched metallographic specimens, 
involved dissolving the original specimen as a step in separating it from the 
replica. Mahl 161 also proposed the use of plastics. Replica techniques of 
wider applicability have now been worked out. One of these is the silver- 
collodion method 162 in which a thick film of silver is evaporated on to the 
specimen. The silver is then stripped, and a dilute collodion solution is 
flowed over the side of the silver which was originally in contact with the 


J. Hillier and It. F. Baker, ./. Bad., 52, 411 (1946). 

167 H. C. O’Brien and G. M. McKinley, Science, 98, 455 (1933). 
im A. Claude and E. F. Fullam, J. Exptl. Med., 81, 233 (1945). E. F. Fullam and A. 
E. Gessler, Rev. Sci. Instruments, 17, 23 (1946). A. E. Gessler and E. F. Fullam, Am. 
J. Anat., 78, 245(1946). 

,M M. C. Schuster, Interchem. Rev., 5, 31 (1946). 

160 “Ultramicrotome,” Custom Scientific Instruments, Inc., Arlington, N. J. 

>«• H. Mahl, Z. tech. Physik, 21, 17 (1940). 

162 V. K. Zworykin and E. G. Ramborg, J. Applied Phys., 12, 692 (1941). 
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specimen. After drying, the silver is dissolved in 2-3 N nitric acid, and 
the replica is finally washed free from silver salts, dried, and mounted on a 
metal screen disk which is then inserted in the object cartridge. This 
method gives a positive replica, with elevations corresponding to elevations 
and hollows to hollows. 

The polyvinyl formal technique 14 * gives very good replicas in considerably 
less time once the necessary manual skill has been acquired. With etched 
metal surfaces the optimum thickness is 500-700 A., which is obtained by 
immersing the specimen, etched face down, in a 0.5% solution of poly¬ 
vinyl formal. The specimen is then lifted out of the solution and is turned 
so that the etched face is vertical. This procedure causes the replica to 
have a thickened end, so that after immersion in water this end may be 
rolled up somewhat. It is then gripped with tweezers, and the replica is 
pulled toward the other end. The free replica is swung up through the 
water so that it reaches the surface in an extended condition, when it sheds 
water and floats on the surface. 

A number of methods of stripping polyvinyl formal replicas have been 
proposed which do not entail wetting the specimen. 163 Of these, by far the 
simplest is to breathe moist air on the coating, immediately press a metal 
screen disk on it, and then press a strip of Scotch tape over the disk and the 
surrounding film. The Scotch tape is stripped, together with the screen 
disk and replica, from the specimen. It is pressed into adhesion to a 
smooth surface. By cautiously peeling the Scotch tape back on itself, and 
holding the wire screen down with the edge of a razor blade at the appro¬ 
priate moment, the metal screen disk and adhering replica are retrieved 
ready for loading in the object cartridge. This method of preparing repli¬ 
cas yields a negative of the original surface. 

The replica technique of Heidenreich and Peck 164 consists in molding 
polystyrene to the etched metal specimen at 2000 to 5000 p.s.i. at a tem¬ 
perature of 160° C. After separation, the negative replica of polystyrene 
is placed in a vacuum chamber at a pressure lower than 10” 4 mm. of mer¬ 
cury. Silica is evaporated from a hot tungsten filament on to the poly¬ 
styrene replica. The silica has a remarkable mobility on polystyrene, and 
forms a smooth vitreous layer. After the evaporation of silica has been 
completed, the silica film is removed from the sides of the block of poly¬ 
styrene, and the replica face is cut into 3-mm. squares. The block is then 
pushed firmly against the bottom of a vessel containing a solvent such as 
ethyl bromide. The small squares of replica soon float to the surface of the 
liquid, when they may be washed free from polystyrene in fresh ethyl bro¬ 
mide. 

183 V. J. Schaefer, Phys. Rev., 62, 495 (1942). 

184 R. I). Heidenreich and V. D. Peck, J. Applied Phys., 14, 23 (1943). 
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3. The Electron Microscope in Organic Chemistry 

The electron microscope is substantially an instrument for observing the 
shape and size of objects beyond the reaches of the hght nucroscop • It w, 
also reveal structure of almost molecular dimensions. Bwwwer, t must 
be remembered at all times that organic spec.mens are especially l.kely 
he altered by intense electron bombardment at very low pressu 
ever possible, the appearance of materials under the electron m.croscope 
should be correlated with all the information that the best in optical mic 
Topic technique can yield. A series of electron micrograms of a single fidd 
will indicate the type of degradation of the specimen which should be 
looked for in the first electron microgram of the senes. Specimens y 
changed by electron bombardment even though their melting point is far 
too high for the effect to be due solely to heating. It has been reported 
that crystals of sodium chloride, sodium chlorate, potassium bromide, and 
potassium iodide become transparent in the electron beam, while at the 
same time a deposit forms around the crystals. Lead chloride crysta 
gather into globules which move on the Formvar support. It is suggested 

that ionic migration may be occurring. 165 . , 

The electron microscope has already proved of very great value in the 
study of high molecular weight molecules, and of both biological and syn¬ 
thetic structures. In the study of structures, the stereoscopic technique is 
most useful. Cellulose in its various forms has received considerable study 
with the electron microscope. The surfaces of various textile fibers have 
been studied by the replica technique, while among the many other ma¬ 
terials which have so far been examined may be mentioned synthetic and 
natural rubbers, carbon and other pigments, cuprene, polystyrene and other 
high polymers, sodium laurate curds and calcium stearate grease, muscle 
fibrils, collagen, -and keratin. It is known that a great deal of electron 
microscopical investigation has been carried out on the action of catalysts, 
but the results have not, so far, been published. 166 Macromolecules of 
biological and pathological importance come within the range of the elec¬ 
tron microscope. Of particular interest is the study of viruses, some of 
which are crystalline, and are yet able to grow in a suitable environment. 
As Wyckoff has said: 155 

"It is worth reiterating that with the electron microscope as guide and tool we 
are entering a world where, very literally, life begins. What will be found there, 
beyond useful information about viruses and the diseases they cause, can scarcely 
be foretold.” 


165 E. F. Burton, R. S. Sennett, and S. G. Ellis, Nature, 160, 565 (1947). 
«« J. Ilillier, Bull. Am. Ceram. Soc., 25, 438 (1946). 
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I. INTRODUCTION 

In changing from a fluid state to a solid state, the great majority of 
chemical substances assume the crystalline state, in which the constituent 
atoms of the compound are bound together in an orderly arrangement by 
inherent forces of mutual attraction and repulsion. Normally, this process 
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commences at many points in the crystallizing fluid, and the resulting solid 
is an aggregation of crystals with boundaries that are more or less irregular 
due to mutual contact. When carefully controlled, crystallization may be 
confined to few centers, giving individual crystals whose boundaries are 
due to the undisturbed interaction of the growing crystals and the surround¬ 
ing fluid. Such crystals have polyhedral form, which was formerly implied 
by the word “crystal,” and within such crystals the orderly internal atomic 
arrangement extends without interruption from the center to the surface. 

Crystals of a given chemical compound are characterized above all by 
constancy of properties, and therefore the chemist interested in isolating 
and describing a compound in the solid state has always striven to obtain a 
crop of well-formed crystals on which to determine such specific properties 
as composition, specific gravity, and melting point. Formerly, the geo¬ 
metrical and optical properties of laboratory crystals were determined with 
equal care, since these gave the closest attainable insight to the crystal 
structure. But now that x-ray analysis permits the actual determination 
of the internal arrangement, geometrical and optical crystallography have 
become relatively neglected by the chemist, and the crystal form and opti¬ 
cal behavior of laboratory crystals are frequently dismissed by brief, in¬ 
adequate, even erroneous, descriptive terms. 

There are good reasons for returning to a closer study of the external 
geometry of artificial crystals: angular measurements may permit the 
identification of an unrecognized crystalline substance by means of a de¬ 
terminative method treated by J. D. H. Donnay in Chapter XVII of this 
book; x-ray crystallography is built directly on the foundation of geo¬ 
metrical crystallography, and therefore a consideration of the elements of 
geometrical crystallography may usefully precede the treatment of x-ray 
diffraction given by I. Fankuchen in Chapter XVIII; and, finally 
the study of crystal form in relation to crystal structure is bringing valuable 
results of a general theoretical nature. This chapter proposes, therefore, to 
give a partial outline of the theory of geometrical crystallography and 
working directions in goniometry, especially for the two practical purposes 
mentioned above. For the sake of brevity, completeness must be sacri¬ 
ficed; necessary formulas will be presented without proof; and, where al¬ 
ternative nomenclatures or viewpoints would be offered in a fuller treat¬ 
ment, a considered preference must be given here without supporting argu¬ 
ment. These defects may be sufficiently remedied by the references that 
accompany this chapter. 

II. CRYSTAL LATTICE 

In the orderly internal arrangement which characterizes a crystal, the 
constituent atoms behave, in first approximation, like spheres with con- 
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stunt radii which are different for different kinds of atoms. Since a chemi¬ 
cal compound is typically composed of only a few kinds of atoms in simp 
rational proportions, and the congregation of the atoms is caused by force 
connected with their integral electronic structures, it is natural that the 
crystal should consist of a repetition of a three-dimensional pattern com¬ 
posed of a relatively small number of atoms. 

This may be illustrated in two dimensions by the imaginary plane struc¬ 
ture (Fig. 1) assumed by a compound, AB 2 . This consists of a repetition of 
a plane pattern contained by a parallelogram defined by any point in the 
plane, say A 0 , and two neighboring, identically surrounded points, say 
Ai, A 2 , which do not lie in a line with A 0 . A 0 , A Xt A it ... are called identical 
points, and the structure comes to self-coincidence by translation, parallel 
to itself, from one point to any other such point. 



Fig. 1.—Plane structure. Fig. 2.—Plane lattice. Fig. 3.—Space-lattice. 


An array of identical points in the plane structure (Fig. 1) gives the 
plane lattice (Fig. 2), and it is clear that the same lattice results whatever 
point in the structure is taken as the origin. The lattice is defined by a 
parallelogram which has the full symmetry of the structure. The smallest 
and least oblique parallelogram, with sides a, 6 , and included angle 7 , is the 
standard choice, but other parallelograms may be chosen under special 
circumstances. Similarly, the array of identical points in an actual three- 
dimensional structure makes a space-lattice (Fig. 3), normally defined by 
the smallest and least oblique parallelepiped which has the full symmetry 
of the structure, in this case the parallelepiped with sides a, 6 , c, and the 
included angles a, 0, y. Again for special purposes, other parallelepipeds 
may be chosen to define the space-lattice. The chosen parallelepiped, or 
unit cell, contains one or more than one complete structural pattern, and 
is thus representative of the entire crystal. The determination of the ab¬ 
solute dimensions of the unit cell and the actual positions of all the atoms 
within it is attempted by a structural analysis by means of x-rays; the 
simpler geometrical relations with which we are here concerned may be 
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properly explained and understood with reference to the crystal lattice in 
place of the crystal structure. 

III. CRYSTAL FORM IN RELATION TO CRYSTAL 

LATTICE 

L Crystal Faces and Lattice Planes 

A portion of a crystal is shown in plan in figure 4. The shortest hori¬ 
zontal lattice periods are a, b, and therefore the lattice lines OA, OB are 
taken as axes. For simplicity let the third axis, OC, be vertical. The 
crystal is bounded by vertical faces DE, EF, FG. Face DE cuts axis 
OA and is parallel to axes OB, OC; it may therefore be denoted by the 


c 



Figs. 4, 5, 6.—Crystal faces and lattice planes. 


smallest integral intercepts 1®®. Similarly, face FG may be denoted 
by intercepts ® 1 ®, and EF by 1 1 ®. In figure 5, vertical plane MN 
has the smallest integral intercepts 3 2®, and in the three-dimensional, 
general case in figure 6, plane PQR has the intercepts 2 3 6. 

Crystal faces were early denoted by their intercepts, but it was found 
that integers proportional to the reciprocals of the intercepts, the indices 
of Miller, are more fundamental and convenient, and these are now uni¬ 
versally used both in geometrical and in x-ray crystallography. The crystal 
faces in figures 4, 5, and 6 thus receive the following notation, the Miller 
indices (hkl) being written in parentheses: 


Face 

Intercept* 

Indices 

DB 

1® ® 

(100) 

FG 

® 1 ® 

(010) 

EF 

1 1 ® 

(110) 

MN 

3 2 ® 

(230) 

PQR 

2 3 6 

(321) 
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Returning to figures 4 to 6, it will be noted that each crystal face is the 

nlanes or the corresponding crystal face, may thus be usefully defined^as 
the numbers of parts into which the set of planes subdivides the axial per - 

0d Fr O 0 f m h fig 1 '" t e t s < 4 to 6 it is further apparent that each set of lattice planes 
has its proper spacing and point density. These quantities are directly 
proportional and they can be calculated or obtamed graphically from. the 
lattice elements, a, b, c, a, 0. y, and the Miller indices h k, l 1 ■ wdl be 
seen also that, in a general way, the spacings and point densities decreas 
with increase in the complexity of the indices of the lattice planes. 


2. Laws of Crystallography 

We may now state the laws of crystallography and understand them in 
terms of the crystal lattice. 

Law of Rome de l’Isle .—The angles between corresponding faces on 
different crystals of one species are constant. Since different crystals of one 
species have identical lattices, and crystal faces are lattice planes, it is 
self-evident that corresponding interfacial angles must be constant. While 
the Law of Constant Angles is thus an axiom of normal crystal structure, 
it is not, according to Fankuchen, obeyed by some organic structures, 
notably the proteins. 

Law of Haiiy .—Crystal faces make simple rational intercepts on suitable 
crystal axes. Since crystal faces are lattice planes, it is axiomatic that the 
intercepts are whole numbers. Simple indices, as noted above, are as¬ 
sociated with relatively large point densities, and it is reasonable that 
crystal faces should be predominantly those which are relatively densely 
occupied with lattice points. 

Law of Bravais.— The relative importance of crystal forms is proportional 
to the point densities or spacings of the respective lattice planes. This state¬ 
ment is nearly equivalent to Haiiy’s law and therefore the two laws are 
sometimes linked as the law of Haiiy-Bravais. Because point density, 
or spacing, can be expressed exactly, whereas simplicity of indices can be 
indicated only in a general way, as by the sum of the indices, Bravais’ 
generalization is the more specific. The law was not widely accepted, 
since the crystal lattice could be determined only by assuming the truth 
of the law. Now that the lattice can be determined directly by x-ray dif- 

* M. A. Peacock, Z. Krist., A100, 93 (1938). 
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fraction, the truth of the law as a first approximation has been repeatedly 
confirmed m special cases. 2 

Law of Donnay-Harker. The relative importance of crystal forms is 
proportional to the spacings of the respective lattice planes as given by their 
indices in space-group notation .* This important generalization has been 
remarkably confirmed m many special cases. 4 It agrees with the law of 
Uravais in recognizing that form importance is dependent in the first 
place on lattice plane spacing; and it states that the importance is further 
modified in keeping with the division of certain spacings by 2, 3, 4 , or 6 
caused by symmetry operations involving translations. These s^minetry 
operations determine the ultimate symmetry type or space-group of the 
crystal, and they require that the indices of the affected sets of planes be 
multiplied by 2, 3, 4, or 6, giving multiple indices or indices in space-group 
notation. For further information on space-groups, seeCh. XVIII, Sect. III. 

3. Crystal Edges and Lattice Lines 

Two nonparallel crystal faces meet in a line which is called an edge or 
axis; it coincides with the row of lattice points or the lattice line common 



to the intersecting lattice planes. A lattice line is one of a set of parallel 
lattice lines with a common direction and period. Figure 7 represents a 
portion of a crystal bounded by faces (001), (110), and (430). DE, the 
edge between (001) and (110), is equivalent to the lattice line joining origin 

* M. A. Peacock and D. A. Moddle, Mineralog. Mag., 26,105 (1941). M. A. Peacock 
and R. B. Ferguson, Univ. Toronto Studies, Geol. Ser., 48, 65 (1943). J. D. H Donnay 
Trans. Roy. Soc. Canada, 37, IV, 43 (1943). 

• J. D. H. Donnay and D. Harker, Am. Mineral., 22, 446 (1937). 

4 J. D. H. Donnay, Acad. roy. Belg., Bull, classe set., 23, 749 (1937); Am. Mineral. 
26, 195 (1941); Trans. Roy. Soc. Canada, 34, IV, 33 (1940); ibid., 35, IV, 51 (1941); ibid! 
36, IV, 37 (1942). E. D. Taylor, Am. Mineral., 25, 123, 327 (1940). J. A. Tremblay’ 
J. Washington Acad. Sci., 32, 327 (1942). 
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o to lattice point O who* coordinate, a* (IlO]. The MjtoJ ■»«■» jv~l 
of lattice line OG, or crystal edge DE, are therefore [110 . Suodarly, 
crystal edge EF receives the indices of lattice line OH, namely [34E 1. 
jn^like manner a crystal edge inclined to all three lattice axes is 
by the coordinates of the first lattice point H on the parallel lattice 

line passing through the origin. _ . A 

From figure 7 we see that each set of lattice lines has its own period, 

which is the distance between successive points in the line, and conse¬ 
quently its own point density, which is the reciprocal of the period. These 
can be calculated from a, b, c, a, fi, y, and u, v, w, or obtained graphically 
Also increasing complexity of indices [uvu>] is accompamed by increase in 
neriod and therefore decrease in point density. This bears on a useful al¬ 
ternative statement of the law of Bravais: The rate of crystal growth in any 
lattice direction is proportional to the point density in that direction. In 
figure 7, for example, suppose that plane (001) has the greatest point den¬ 
sity in the lattice; according to the usual statement of the law of Bravais, 
it will be the largest face. But if this plane has the greatest point density 
it will contain the two densest lattice lines, [100] and [010]. According to 
the alternative statement of the law of Bravais, crystal growth will be most 
rapid in these directions, and therefore face (001) will again be the 
This fundamental law of crystal growth is most clearly displayed in habit¬ 
ually elongated crystals, in which the shortest period coincides with the 
direction of elongation, and in habitually tabular crystals, in which the 
plane of tabular development contains the two shortest lattice periods. 

IV. LATTICE TYPES AND SYSTEMS 


1. Lattice Types 

Owing to the tendency of the atoms of a crystallizing compound to adopt 
symmetrical arrangements, the crystal lattice may be of one or another of 
a number of special types which are characterized by special metrical rela¬ 
tions of the principal lattice periods and angles. Including the general type 
there are 14 possible lattice types all of which are frequently represented 
by actual crystals. These may be derived in the straightforward manner 
devised by Bond, 6 who shows that the parallel repetition of a line lattice in 
a plane gives five distinct types of plane lattice (clino-mesh, ortho-mesh, 
rhombo-mesh, hexa-mesh, tetra-mesh); parallel repetition of each of 
these plane lattice types in space gives 14 distinct types of space lattice. 

When it is agreed that the cell of reference in each type of space lattice 

• L. G. Berry, Univ. Toronto Studies, GeoL Ser., 48, 25 (1943). 

• W. L. Bond, Univ. Toronto Studies, Geol. Ser., 51, 9 (1947). 
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shall exhibit the maximum symmetry of the lattice, and the two lattice 
types resulting from the stacking of hexa-mesh plane lattices are excluded 
as exceptional, it is found that the remaining 12 lattice types fall into five 
simp'e types and seven centered types. In the simple types the cell of 
eference is pnmitive (P) with lattice points only at the cell corners (Fig. 

>■ The cen,ered correspond to simple types with ad¬ 
ditional points at one face center (C, A, B), at the cell center (/), or at all 




F 


Fig. 8.—Simple lattice types: 4—triclinic; B —monoclinic; C— 
orthorhombic; D— tetragonal; hexagonal; F —rhombohedral- 

G —cubic. 


The hexagonal lattice is referred to a simple cell (Fig. 8 E), denoted C by 
analogy with the base-centered rectangular type; it may also be referred 
to a multiple cell ( H ) with additional points at (§ § 0), (| | 0). Neither 
of these cells possesses the full symmetry of the lattice which is shown only 
by the unconventional hexagonal cell produced by three cells as shown by 
dotted lines in figure 8 F. 

The rhombohedral (R) lattice (Fig. 8 F) may be referred to a simple 
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cell or to a multiple cell which results from the addition ofpointsat(! H), 
,1 2 in t he hexagonal (C) cell. But it is important to note that the sym 
Sbohrfil I.t.io. i» low™ th„ tho. Of «>•„>”>«“*! 
lattice and that, therefore, the rhombohedral lattice is not a cent 
hexagonal lattice in the same sense as the other multiple lattice types ar 

centered types. 


2. Lattice Systems 

When crystals are classified according to their lattice types, we obtain 
seven lattice systems corresponding to the seven simple lattice types. 


Table I 

Lattice Systems 


System 

Triclinic 

Monoclinic 

Element* 

a b c; a 0 y 
a:b:e ; a 0 y 
a b c; 0 (y “ a — 90°) 

Symmetry 

I 

2/m 

Orthorhombic 

a:b:e; 0 

a b c (a - 0 " y " 90°) 

2/m 2/m 2/m 

Tetragonal 

a: o: e 

a c (b — a; a — 0 — y — 90°) 

4/m 2/m 2/m 

Hexagonal 

a c (6 - a; 7 - 120°; a - 0 - 90°) 

6/m 2/m 2/m 

Rhombohedral 

o: c 

a; a (b - e - a; 0 - y - a) 

3 2/m 

Cubic 

a (6-c-a; a“fl“7“ 90°) 

4/m 3 2/m 


These are listed in table I, which also gives the lattice elements and the 

lattice symmetries. The elements are written in two forms: first, the ab¬ 
solute cell dimensions, as obtained by x-ray measurements; and second, 
the relative cell dimensions, or geometrical elements, as found by gom- 
ometry. The elements in parentheses are those having special values in 
the special lattice types. The lattice symmetries will be briefly explained 
in the next section. 

Some notes on the setting of the lattice cells in the several systems may 
be useful here. 

In the triclinic system, also called anorthic, a unit cell determined roent- 
geographically or by geometrical means may be set up in 24 different ways 
with conventional right-handed axes of coordinates. A desirable unique set¬ 
ting is obtained by following the rules: c < a < b; a and 0 obtuse. 7 In 

7 J. D. H. Donnay, Am. Mineral 28, 313, 507 (1943). 
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this setting, in keeping with the law of crystal growth, the crystal will tend 
to be elongated parallel to the c-axis and flattened parallel to the plane con¬ 
taining the c-axis and the a-axis, which slopes downward directly toward the 
observer. This results in a satisfactory appearance to the crystal and the 
practical convenience of a prominent axis of adjustment and plane of refer¬ 
ence in goniometry. 

In the monoclinic system, sometimes named monosymmetric, the axis 
normal to the plane containing the inclined axes is set left-and-right and 
named the 6-axis by fixed convention; one of the inclined axes is set ver¬ 
tically and named the c-axis, and the other inclined axis, the a-axis, slopes 
downward toward the observer. The rule c < a gives an unique setting 
which is suitable if c is the shortest lattice period and consequently the 
axis of elongation. When 6 is the shortest period, and the crystal is conse¬ 
quently elongated in this direction, c > a is often preferred. 

The rule a < 6 is always applied in the orthorhombic or rhombic system 
and the unique setting c < a < 6 is often suitable. However, when one cell 
edge is much greater than the others, and the crystal is consequently tabu¬ 
lar parallel to the plane containing the shorter edges, the rule a < b < c is 
often preferred. The simple tetragonal lattice can be set in only one way, 
with the unique c-axis vertical and an a-axis left-and-right. The unique 
c-axis of the hexagonal lattice is set vertically and one of the a-axes is set 
left-and-right. 

When the rhombohedral system, also named trigonal, is treated as in¬ 
dependent of the hexagonal system, the lattice cell has been set up and the 
axes named in a variety of ways. However, the practical convenience of 
describing rhombohedral crystals in hexagonal notation recommends the 
setting in figure 8, in which the rhombohedral lattice may be regarded as a 
“centered” hexagonal lattice. In this setting, the edges of the rhombohe¬ 
dral cell, a, radiate upward from a common origin, with one edge rising di¬ 
rectly toward the observer. The geometrical relations of the hexagonal and 
rhombohedral lattices are further explained elsewhere. 8 In the cubic sys¬ 
tem, often called isometric, there is no choice of setting. 

In the foregoing section, the recommendations regarding the setting of 
crystal lattice cells lead to the normal or conventional settings which are 
generally preferred, if there is no good reason for adopting other settings. 
The practicing crystallographer, however, frequently encounters special 
cases for which an abnormal or unconventional setting seems preferable. 
These occur particularly in series of structurally related crystals belonging 
to different systems, when settings are naturally chosen to bring out the 
structural relations. 


8 M. A. Peacock and M. C. Bandy, Am. Mineral, 23, 315 (1938). 
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V. SYMMETRY 

Closely connected with the periodic structure of crystals and its ^ lat- 
tice types is (he essential property of crystalline symmetry and .ts ulUmate 
Sdivbion into the full and final number of 230 t y pes or s^ce g roupS; 
These smallest divisions of symmetry are of particular interest 
tural crystallography; here we are principally concerned with lar S er 
visions of symmetry: the point groups or crystal classes, the Laue gr p , 
the crystal systems, and, incidentally, the optical groups. These various 
classifications of crystal symmetry may best be described with the help o 
table II which shows the relations between the several groups, g ves their 
names or symbols, and indicates some of their important properties. 

1. Crystal Classes 

We may usefully begin with the 32 point groups or crystal classes, which 
are the symmetry groups possible in a crystalline structure wheni > t is 
stipulated that the symmetry elements in the group must intersect 
common point. The symmetry operations involved in the crystal classes 
are thus operations that do not entail translations, and they may be for¬ 
mally reduced to rotation and rotation-inversion. Rotation means rota¬ 
tion about an axis through 2x/«, where n = 1, 2, 3, 4 6, and rotation axes 
are simply denoted by the numerals, 1, 2, 3, 4, 0. Rotation-inversion 
combined rotation about an axis through 2x/n, where n = 1, i, A, % 
and inversion, as by a camera lens, through a point on the axis. The rota¬ 
tion-inversion axes, or simply inversion axes, are denoted by the over¬ 
scored numerals 1, 2, 3, 4, 6. The 1-axis indicates zero symmetry and thus 
the 1-axis is simply the inversion center of symmetry. Ihe 2-axis is 
equivalent to a reflection or mirror plane m perpendicular to the axis, and 
this symbol is always used in place of 2. The 3-axis is equivalent to a 
3-axis and a center of symmetry. The 4-axis is irreducible The 6-axis is 
equivalent to a 3-axis perpendicular Jo an jn-plane (3/m). It is noteworthy 
that the even-fold inversion axes, 2, 4, 6, do not give centrosymmetrical 
groups even through the corresponding operations involve inversion 

through a center. , 

The 32 point groups or crystal classes are the different groups that can be 
obtained by combining the above 10 symmetry elements in all permissible 
ways; a mathematical derivation of these groups has been given by Don- 
nay, 9 and a simpler enumeration has more recently appeared in Phillips. 1 

9 J. D. H. Donnay, Univ. Toronto Studies, Geol. Ser., 47, 33 (1942). 

10 F. C. Phillips, An Introduction to Crystallography. Longmans, Green, London 

1946. 
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A full description of the groups will not be attempted here, but thenature 
of the groups is illustrated in figure 9, which shows stereograms of the seve 
groups which have the same symmetries as the seven lattice systems, 
these diagrams the full lines represent planes of symmetry while the numei 
als indicate symmetry axes. 




Fig, 9— Lattice symmetries: A—triclinic (I); B —monoclinic (2/m); C ortho¬ 
rhombic (2/m 2/m 2/m); D-tetragonal (4/m 2/m 2/m); E hexagonal (6/m 2/m 2/m); 
F —rhombohedral (3 2/m); G —cubic (4/m 3 2/m). 


The point groups or crystal classes have been denoted by many different 
sets of symbols and names. The Schoenflies notation (Table II) is obsoles¬ 
cent but still frequently found, often in conjunction with the preferable 
self-explapatory notation of Hermann-Mauguin. This notation is shown 
both in the complete and the more frequently used abbreviated forms. 
Apart from its usefulness in denoting the crystal classes the Hermann- 
Mauguin notation gives an equally convenient space group notation which 
is coming into universal use. 
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Table II also gives a set of suitable names for the general forms of the 32 
crystal classes. The general form of a group is the assemblage of equiva¬ 
lent planes that are produced by the action of the symmetry elements of 
the group on a general plane (hkl). The adjectival forms of these names 
provide a logical set of class names. Other sets of names emphasize the 
fact that there is one class which has the full symmetry of the lattice in each 
system; this class is distinguished as holohedral, holosymmetric, or nor¬ 
mal, while the classes with less symmetry—the merohedral classes—are 
hemihedral (hemisymmetric) or tetartohedral (tetartosymmetric), in 
keeping with the numbers of planes in their general forms (Table II), and 
they are sometimes unfortunately regarded as abnormal or subnormal. 

To the right in table II the 11 classes that possess a center of symmetry 
are marked C, while those in which the center is lacking are marked P. 
In centrosymmetrical classes no pyroelectric or piezoelectric effect is pos¬ 
sible; in classes in which there is no center these effects are possible but 
not necessarily detectable. Class 432 (gyroidal) is exceptional in that it 
lacks a center of symmetry but is theoretically nonpiezoelectric. In the 
next column the 11 enantiomorphous classes, which possess no element of 
reflection or inversion, are marked E. These classes have right- and left- 
handed general forms that are symmetrical by reflection but not by rota¬ 
tion. Crystals in these classes may show the effect of optical activity or 
rotatory polarization, but here again the effect need not be noticeable. 
I‘ inally, as a point of interest, the number of space groups in each class is 
given, but further consideration of these groups is beyond the scope of this 
chapter. 

2. Laue Symmetries 

To the left in table II the 32 point groups are collected in the 11 Laue 
symmetries, which have the same symbols as the centrosymmetrical classes. 
Each Laue symmetry comprises a centrosymmetrical class and those other 
classes which would acquire the symmetry of that class by the addition of 
a symmetry center. The significance of these groups lies in the fact that 
x-ray reflection in effect imposes a center of symmetry; therefore, apart 
from some exceptional cases, x-ray photographs do not indicate whether a 
center is actually present or not. 

3. Crystal Systems 

The crystal classes are further grouped in the crystal systems within 
which the essentially different lattice types are indicated by the italic 
capitals already explained, while alternative lattice types, which can be re¬ 
duced to essential types by a change of axes, are shown in parentheses. 
The triclinic, monoclinic, orthorhombic, tetragonal, and cubic crystal 
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tpms considered as groups of crystal classes, correspond directly with 
the respective lattice systems in table I; the grouping of the remaining 
twelve classes, which possess 3-fold or 6-fold symmetry, Presen s some dif¬ 
ficulty however, and the recognition of two independent crystal syste 
corresponding to the rhombohedral and hexagonal latt.ce systems .s not 

'^AbasTc^considwation in the problem of grouping these twelve classesis 
the fact that the lattice may be hexagonal or rhombohedral in the fi 
five but in the remaining seven classes the lattice may only be hexagonal 
To group the first five classes in an independent rhombohedral system is 
therefore open to objection since this system would include low quartz, for 
example, which has the symmetry of class 32 but has an hexagonal lattice. 
This difficulty is overcome by placing the first five classes in a trigonal sy 
tem and the remaining seven in a restrictcd hexagonal system, m keeping 
with the character of the principal axis, 3, 3, or 6, 6 in the class symbo 
but here we have the difficulty of having to place the essentially tngonal 
classes 6 and 62m in the hexagonal system. Still another way is to group 
all twelve classes in a single hexagonal system, on the ground that they are 
all based on hexagonal nets of identical points stacked either in the hex¬ 
agonal or the rhombohedral manner. In any particular case the lattice type 
is indicated by the symbol C ( H) or R, and the morphology and structure 
can be correctly described with reference to the hexagonal axes. 1 he 
working crystallographer finds this method the most convenient, but, 
formally, the placing of typically trigonal classes in an hexagonal system 

is not entirely satisfactory. . . , 

Finally, the crystal systems fall into three optical groups biaxial, 
uniaxial, and isotropic; the corresponding metrical groups of lattice 
systems—trimetric (triclinic, monoclinic, and orthorhombic) and dimetric 
(hexagonal in the wide sense, and tetragonal)—are rarely used, but iso¬ 
metric is frequently employed in place of cubic. 

A crystal which possesses symmetry will be bounded by one or more 
groups of symmetrical or equivalent faces. These are called crystal forms. 
In the ideal crystal equivalent faces are equal, but in actual crystals they 
are more or less unequal in size due to imperfect conditions of growth. 
However, these inequalities do not affect the angular relations of the faces 
or their normals; and in speaking of crystal symmetry the symmetry of 
the ideal crystal or the symmetry of the face-normals is always meant. 

VI. CRYSTAL MEASUREMENT 


1. Goniometers 

The determination of crystal form rests on crystal measurement on some 
form of goniometer. Large or rough crystals can be measured approxi- 



998 


M. A. PEACOCK 


mately with a simple contact goniometer—a divided semicircular plate 
with a contact bar hinged at the center of its straight edge. Small crystals 
with bright plane faces are needed for accurate measurements, which are 
made with a reflecting goniometer. Two types of reflecting goniometer are 
in common use, the single-circle type and the two-circle type; a three- 
circle goniometer was devised and used by Smith, 11 but the instrument is 
not widely used. 

A. SINGLE-CIRCLE GONIOMETER 

A schematic plan of a single-circle reflecting goniometer is given in 
figure 10. The instrument consists of a horizontal divided circle, 1 , whose 

vertical axis bears in a fixed stand, 2 . 
The circle carries crystal holder, 3, which 
is provided with two rocking motions and 
two horizontal motions for adjusting and 
centering the crystal, 4. To the stand 
are attached the horizontal collimator, 6, 
and telescope, 3, which are fixed at a 
convenient angle with their axes meeting 
in the axis of the circle. The collimator 
is provided with a signal slit and dia¬ 
phragms and a fixed lens system. The 
telescope contains the cross hairs and lens 
systems for viewing the crystal or the 
image of the signal reflected from a crystal face. Light is provided by an 
enclosed 100-watt lamp with a short filament, 7, and the circle is read to 
1' or Y at the index and vernier, 8. 

A crystal zone is an assemblage of faces intersecting in parallel edges 
whose direction is the zone-axis. The single-circle goniometer gives inter- 
facial angles—angles between face-normals—in the zone whose axis is ad¬ 
justed to the axis of the instrument. To obtain angles to the other faces 
of the crystal, it must be readjusted and measured zone by zone. This is 
inconvenient and sometimes very difficult, and, although a great mass of 
accurate goniometric data has been obtained with single-circle instruments, 
minute imperfect crystals and complicated intergrowths present almost 
insuperable difficulties. These are much reduced with the two-circle 
goniometer, which gives the angular relations of all the faces on one crystal 
termination with a single adjustment of the crystal. 

B. TWO-CIRCLE GONIOMETER 


2 



Fig. 10.—Single-circle goniometer. 


The principle of the two-circle goniometer is indicated in the simplified 
11 G. F. H. Smith, Mincralog. Mag., 14, 1 (1904). 
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■ in figure 11. It resembles a single-circle goniometer (explanatory 
p , flo a= in Fig. 10), with a vertical post attached to the ho 

intersection of the axes of the collimator and telescope. The 
at tical circle is provided with an index and vernier, It, fixed to a sup- 
nort ng arm The crystal holder is attached to the axis of the verttca 
circle, and thus the crystal can be turned about two mutually perpen ic 
axes and the position of any face on one 
termination is given by two coordinate 
angles. Only one adjustment of the crys- 
tal is made, and each face is brought to 
reflection only once. 

Until the last war the reflecting goniom¬ 
eters used in the United States and 
Canada were imported from Europe, and 
most of them were two-circle instruments 
designed by Goldschmidt 12 and made by 
P. Stoe, Heidelberg, Baden, Germany. 

Recently preliminary models of two-circle 
goniometers have been made by L. C. 

Eichner, 437 Bloomfield Avenue, Bloom- 

field N.J., and by Unicam Instruments Ltd., Cambridge, England. Some 

workers have also converted single-circle goniometers and spectrometers 
into serviceable two-circle goniometers. 



Pig n -Two-circle goniometer. 


2. Selection, Mounting, and Measurement 

The crystals best suited for goniometric work are those showing the least 
malformation or imperfection of the crystal faces. The range of size that 
can be used is about 0.1 to 10 mm., with perhaps 1 mm. u(the 
smallest dimension. The quality of the faces is more important than the 
size; with practice, crystals only a few tenths of 1 mm. m size» eas J 

and accurately measured on the two-circle goniometer, provided the faces 

^ A'suitable crystal having been picked out with the help of a binocular 
microscope, it is sketched in one or more positions with reasonable fidelity 
The most useful points of view are in the directions of the most prominent 
zone-axes. A rapid examination with the polarizing microscope may aid 
in determining the symmetry and in revealing the presence of intergrowths. 


*> V. Goldschmidt, Z, Krytt., 21, 210 (1893); 29, 333 (1898). 
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The use of the microscope with laboratory crystals is treated by Hartshome 
and Stuart, 13 and by E. E. Jelley in Chapter XV, “Microscopy.” 

The crystal may show evident symmetry, in which case a good general 
rule is to mount it with its axis of highest symmetry approximately parallel 
to the mounting pin which fits into the crystal holder. For this purpose 
the traditional, rather hard mixture of beeswax and pitch may be replaced 
by a softer more adhesive wax. 14 The mounting of very small or fragile 
crystals requires special methods, discussed in chapter XVIII. 

If no symmetry is apparent, the axis of the most prominent zone of the 
crystal is best taken as the axis of adjustment. The mounting pin is then 
set in the crystal holder and the crystal is adjusted with the rocking screws 
and centered with the translation screws until the selected zone-axis is 
precisely in the axis of the instrument. On the horizontal single-circle 
goniometer, the chosen zone-axis is now vertical, and measurement around 
the chosen initial zone may proceed. In the two-circle instrument, the 
chosen zone-axis is horizontal, in the axis of the vertical circle, and complete 
measurement of all the exposed faces of the crystal is made without further 
adjustment of the crystal. In both cases the angle or angles of a face are 
read when the instrument is set so that the image of the signal reflected 
from the crystal face lies on the cross hairs. 

\\ ith faces of excellent quality, repeated measurements will not differ 
by more than one minute of arc, and in such cases the geometrical form of 
the crystal lattice can be determined, as described on page 1004, with the 
highest attainable accuracy. When the faces are poor or bad, the reflecting 
goniometer can give only rough measurements leading to an approximate 
determination of the crystal lattice. In such cases the interpretation of 
the crystal form may be aided by measurements on the microscope, as de- 
scribed in chapter XV, and by a roentgenographic determination of the unit 
cell. 


VII. PROJECTIONS 

When the measurement of a crystal has been completed, the next step is 
preparing a projection, which is a representation of the face-normals on a 
plane. Two projections are in common use, each having its particular use¬ 
fulness and advantages; both are derived from the spherical projection, 
obtained by placing the crystal at the center of a sphere and projecting the 
face-normals to the surface of the sphere. 


u N. H. Hartehorne and A. Stuart, Crystals and the Polarising Microscope, a Hand¬ 
book for Chemists and Others. Arnold, London, 1934. 

14 Central Scientific Company, Chicago, 11450, wax, universal, red, is suitable. 
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1. Stereographic Projection 

Figure 12 shows the crystal at the ceater C of a sphere ofRadius :r «ith 
the axis of the initial zone of measurement, SCN, vertical. CD >s the trace 
^horizontal plane through C; this is the plane of the stereograg 
nroiection. CP is any face-normal meeting the sphere at P. 1 

PS cuts plane CD in Q, which is the stereographic projection pomt or 
pole of the crystal face. If the face-normal makes an angle p wrth the 

vertical the stereographic distance CQ equals r tan h P • When / ~ 90 ’ 
as for all faces in the initial zone, the stereographic pole is on the equa¬ 
torial circle, which is called the primitive circle of the projection. When 
! is greater than 90°, as for the face-normal CP', the stenographic pole is 
l£E Z primitive circle, at O'. In the case shown, where the lower 
face is symmetrical to the upper face by re¬ 
flection in the plane of the projection, the 
pole of the lower face is conventionally rep¬ 
resented by a small ring Q' surrounding 
pole Q of the upper face. 

Accurate constructions are available for 
plotting single-circle measurements in stereo- 
graphic projection, but for most practical 
purposes rapid projection with the help of Fig 12.—Construction of the 
the stereographic net is sufficiently accurate, stereographic and gnomonic pro- 
This net (Fig. 13) is the stereographic pro- jcctions. 
jection of a system of great circles meeting . 

in a horizontal diameter, and a system of small circles normal to this 
diameter. A radius of 10 centimeters and an angular interval of 2 is 
convenient. 1 * A great circle is the intersection of the sphere and a central 
plane; and, since the normals to the faces in a zone lie in a central plane, 
the face-poles lie on a great circle. A small circle is the intersection of the 
sphere with a noncentral plane; it is the locus of points at a fixed angular 
distance from a point on the sphere. 

Single-circle angles are conveniently plotted on a piece of transparent 
paper which can revolve on the net about a needle at its center. Angles 
between faces in the initial zone are laid off directly on the primitive circle. 
An inclined face, C, fixed by angles to two nonparallel vertical faces, A, B , 
is plotted by bringing A to one end of the horizontal diameter of the net 
and tracing the appropriate small circle, and repeating with B\ the two 
small circles intersect in the pole of C. Faces in a known inclined zone are 

is Such stereographic nets may be obtained from the University of Toronto Press. 
Toronto 5, Canada. 
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plotted after turning the paper until the zone-circle lies on a great circle 
of the net. 

The angles given by the two-circle goniometer are <p, p, respectively 
azimuth and polar distance with reference to the axis of the initial zone and 
a datum plane in the initial zone. These angles are directly comparable 



Fig. 13.—Stcreographic net. (Reprinted by permission from “Optical Crystal¬ 
lography” by E. E. Wahlstrom, published by John Wiley & Sons, Inc.) 


to geographic longitude and colatitude; and they are easily plotted on the 
stereographic net, or by using the simple cpnstruction in figure 14, in which 
the stereographic pole Q is fixed by angle <p and length CQ equals r tan 
i p . 

The stereographic projection is invaluable in problems involving reorien¬ 
tation. The entire projection may be reoriented to bring any desired axis 
vertical by turning the upper sheet until the pole of the new vertical axis 
lies on the front-rear diameter of the net, and then moving every point 
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.hrnueh an equal angle along its appropriate small circle until the pole 
of the new vertical axis reaches the center of the net. 

2. Gnomonic Projection 

upturning to figure 12, NE is the trace of the horizontal plane touching 
the sphere at N\ this is the plane of the gnomonic projection. The face- 
normal CP, produced to cut plane NE , gives 
the gnomonic projection point or pole R. If 
is the polar distance of the face, then the 
enomonic distance of R from the center of the 
projection is NR = r tan p. Single-circle 
measurements can be plotted in gnomonic pro¬ 
jection by way of the stereographic projection, 
using the construction in figure 14. Through Fig. 14.—Stercographjc and 

stereographic pole Q draw radius CQ, measure gnomonic poles plotted by 
CQ, and obtain p from the equation CQ = r two-circle angles, 
tan 4 p; the gnomonic pole R lies on the same 

radius at the distance CR = r tan p. When p = 90°, as for faces in the 
initial zone, a face is represented by a radius parallel to the face-normal 
Anv inclined central plane cuts the gnomonic plane in a straight line, a 

consequently an inclined zone is represented by 
a straight line on the projection. 

The gnomonic projection is particularly use¬ 
ful for indexing the measured faces by inspec- 
tion. In figure 15, a(100), b(010), c(001), have 
been chosen as the axial planes whose intersec- 
tions give the directions of axes a, b, c, of the 
crystal lattice; and plane p(lll) has been 
chosen as the parametral plane whose inter¬ 
cepts on the axes are a : b: c. This defines the 
gnomonic net with periods po', Qo- The Miller 
indices (hkl) of any pole on the projection are 
proportional to the coordinates of the pole in 
the gnomonic net, the third coordinate being 



Fig. 15.—Gnomonic 
projection. 


VIIV —^ -1 1 

unity. For example, the gnomonic coordinates of pole r are £ § (1) ; t e 
Miller indices are thus (132). Similarly, d(021), e(201), g(131), are indexed 
by inspection. Faces of the vertical zone, whose indices are of the type 
(ftfcO), are indexed by the ratio of their gnomonic coordinates, the third 
term being zero, as, for example, m(110), n(130). The letters used for 
crystal faces and forms are arbitrary, only a, b, c, and m being regularly 
used with the indices given. 
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3. Interfacial Angles for Identification 

Single-circle measurements will give all or most of the angles needed for 
identification of the crystal. Angles which have not been measured can be 
read to 1 ° from the stereographic projection on the stereographic net. 
Two-circle measurements will in general give only the interfacial angles in 
the initial zone. The missing angles can likewise be obtained from the 
stereographic projection and net; or the angle 5 between any two faces 
can be calculated by the formula: 

cos 5 = cos pi cos p 2 + sin pi sin p 2 cos (<p 2 — <pi) 
where <(>\ p x and <p 2 p 2 are the coordinate angles of the two faces. 

4. Crystal Drawing 

The morphological description of a crystal is not complete without a 
geometrical drawing showing the relative development of the forms. The 
old method of drawing crystals on the axial cross is difficult, especially if 
the drawing attempts to portray a particular crystal or if an unusual view¬ 
point is required. With the introduction of Goldschmidt’s method of 
crystal drawing with the help of the gnomonic projection, accurate draw¬ 
ings of ideal or actual crystals in any system and from any viewpoint are 
easily and rapidly constructed. For short descriptions of this recommended 
method, see Porter 1 * and Palache. 17 

For graphical work in crystallography, particularly in connection with 
the two-circle goniometer, the following equipment will be found useful: 
a good drawing board (24' X 30') or drawing table; a true hardwood or 
light steel straightedge (36') and 30°-60° triangle (15'); a set of good 
drawing instruments; a small pin chuck for holding fine needles; projec¬ 
tion paper (24' X 16') with \° azimuth divisions 18 ; 7H Castell drawing 
pencils; cardboard or celluloid scales of r tan p and r tan \ p with r = 

5 cm. and 10 cm. Several types of useful crystallographic protractors have 
been described, the latest by Fisher. 19 For crystallographic calculations. 
Bruhns’ seven-place tables 20 are convenient. 

VIII. DETERMINATION OF SYSTEM, FORMS, AND ELEMENTS 

Having chosen a good crystal, adjusted it with reference to a suitable 
initial zone, measured it on a single-circle or two-circle goniometer, and 

18 Mary W. Porter, Am. Mineral., 5, 89 (1920). 

17 C. Palache, Am. Mineral., 5, 96 (1920). 

18 Supplied by the University of Toronto Press, Toronto 5, Canada. 

18 D. J. Fisher, J. Geol., 49, 292 (1941). 

80 K. C. Bruhns, New Manual of Logarithms to Seven Places of Decimali. Rev. ed., 
Powner, Chicago, 1936. 
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plotted the measurements in stereographic o pi ^ This involves> 

proceed to the actual determination of the^ costal Jo ^ ^ p , anes 
at the minimum, determining the crysta y . and ca i cu i a ting 

and parametral plane, indexing all the fornMK® th ry d an g le3 . 

of idea, simplicity 

in each of the lattice systems. 


1. Triclinic System 


Fig»» 16 .»d 17 .how, respectively, , 
projection of the upper half of a triclm.c crystal m the preierrea 



Fig. 16.—Stercographic projection 
of a triclinic crystal. 



tional orientation (axes c < a < b; angles a and fi obtuse). The triclinic 

character shows in the absence of any axis of toe 

metry in the projections. In the stereographic projection, the conven 
S3 setting causes the pole of c(001) to lie in front and usually to the 
right of the center, while the relation cq < cr < 45 is approximat y' • 

The gnomonic net is oblique and excentric with c(001) in front and usuaUy 
to the right of the center and the approximate relation 9o < P» < 1 (radlus 

of the sphere of projection). , 

With a, b, c, as the axial planes and o as the parametral plane, the 

maining forms receive the simplest indices, which isi a R ood lt ' dica ': ,on ' 
the triclinic system, that the proper simple cell of the crystallattice 
been chosen. The forms shown in both projections then rece.ve the indices. 

o(100), b(010), c(001), m(110), M(110), g ( 011 ), < 3(011 , r(101), R(101), 
o(lll), O(lll), p(lH), i’Clll), using conventional form-letters. 
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The geometrical elements of the crystal are calculated from single-circle 
measurements by the methods of spherical trigonometry. The most con¬ 
venient fundamental angles are five of the six angles, ab , be, ca , oa, ob, oc 
(Fig. 16). From these, the following six angles are calculated— oca, ocb, 
oab, oac, obc, oba , as, for example: 

cos 2 5 (oca) = sin s sin (s — oa) /sin oc sin ca 
where s = \(oa + ac + co)\ then: 

a : b = sin oca : sin ocb 
b : c = sin oab : sin oac 
c : a = sin obc : sin oba 

and a - 180° - cab, 0 = 180° - abc, y - 180° - bca. 

A practical example of the measurement, projection, and calculation of 
a triclinic crystal from single-circle measurements is given by Tutton. 21 

In the calculation of geometrical elements from two-circle measurements 
and the gnomonic projection (Fig. 17), all the measured angles are con¬ 
veniently taken into account, and the results are likely to be more accurate 
than those based on five interfacial angles. The procedure is as follows: 

(/) Reduce the azimuth measurements to the azimuth of 6(010) as 
the prime meridian. 

(2) Obtain the rectangular linear coordinates, x\ y', for each pole on 
the gnomonic plane from the equations: 

x ' = sin p tan p; y' = cos ip tan p 

(3) From x', y' t derive the best mean values of the five elements of the 
gnomonic projection, x 0 ' t yo', po, qo', v, by plane trigonometry. 

(4) Calculate the polar elements, p 0 , q 0 , (r 0 = 1), X, p, (v given), from the 
formulas: 

tan ip 0 - x 0 '/yo'\ tan p 0 = xo'/sin *> 0 = yo'/cos p 0 
where po, p 0 , are the coordinate angles of the pole c(001); 

p 0 = po' cos po; qo = qo' cos p 0 
cos X = t/ 0 ' cos po; cos p = {xo sin v + yo cos v) cos po 

The geometrical elements are then obtained by the formulas: 

a :b :c = sin X/p 0 : sin p/qo : sin v/r Q 

sin 2 la = sin s sin (s — X)/sin p sin v 

sin 2 J 0 = sin s sin (s — M)/sin v sin X 

sin 2 5 7 = sin s sin (s — p)/sin X sin p 

where s = $(X + p ■+* v). 

u A. E. H. Tutton, Crystallography ami Practical Crystal Measurement . Macmillan, 
London, 1911, p. 286. 
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“t'tridmic costal - given by Bergstrom and Goldschnudt. 

2. Monoclinic System 

A monoclinic crystal is represented m ^(oiqW ndicating^be monoclinic 
which show the single symmetry pUne bfOlOJ mchca g monic 

symmetry, and the relat.ons, ob = be - 90 ,ca<W ^ ^ 

f US5 the simplest indices, a(100), 6(010). <*»». 

*(110), 9 ( 011 ), r(101), *001), o(lll). Ptf 11 )’ 
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Fig. 18 .—Stereogrnphic projection 
of a monoclinic crystal on the plane 
normal to the vertical axis. 


Fig. 19.—Gnomonic projection 
of a monoclinic crystal on the plane 
normal to the vertical axis. 


To obtain the geometrical elements from single-circle measurements, at 
Jt three independent angles are needed; the most convement are «, 
ca.am. With these angles the elements are. 

a : b : c = tan am : sin oc : tan eg; 0 = 180° - ca 

by the formula: , 

a : b : c = go'/po' sin p : 1; go'; cot 0 - -*• 

it c. Palache, Am. Mineral., 5, 185 (1920). 

» M. A. Peacock, Am.J.Sci., 28,241 (1934). 

a« L. Borgstrom and V. Goldschmidt, Z. Kryst., 41, 63 (1906). 
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two-circle goniometer. The projections then appear as in figures 20 and 
21, which are symmetrical to the 2-fold axis. The gnomonic net is oblique 
with a node, 6(010), at the center. Indexing proceeds as before and the 



Fig. 20.—Stereographic projection 
of a monoclinic crystal on the plane 
normal to the symmetry axis. 


Fig. 21 .—Gnomonic projection 
of a monoclinic crystal on the plane 
normal to the symmetry axis. 


geometrical elements are calculated from single-circle measurements by the 
formulas already given. Two-circle measurements give the elements of 
the gnomonic projection, r 2 , p 2 , (q t = 1 ), from these the geometrical 
elements are calculated by the formula: 

a:b:c = l/(p 2 sin m) : 1 : l/(r 2 sin m); 0 = 180 ° - p 


3. Orthorhombic System 

Projections of an orthorhombic crystal (Figs. 22 and 23) show the two 
vertical planes of symmetry intersecting in the vertical 2-fold symmetry 



Fig. 22.—Stereographic projec¬ 
tion of an orthorhombic crystal. 



an orthorhombic crystal 
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axis. The gnomonic net * ^< » 

conventional setting (c < a ) gl J ** . b , Ql0 \ c (001), m(110), fl(011), 

3« »e«id =n the^tagle-otelo „ tweeted, goniometer: 

a :b:c = tan am : 1 : tan cq 

Two-circle measurements give the best mean values for the projection ele¬ 
ments, pc, ?o, (r. = 1). yielding the geometrical elements. 

a :b : c = Go/ Vo: 1 ' qo 


4. Tetragonal System 


Figures 24 and 25 are projections of a tetragonal c-yatal showmg the four 
vertical symmetry planes intersecting in the vertical 4-fold axis. The 




Fig. 24 .—Stereographic projection 
of a tetragonal crystal. 


Fig. 25.—Gnomonic projection of 
a tetragonal crystal. 


gnomonic net is square with a node at the center ^Nj be 
greater or less than 45°, and the projection element p, is ^us greater or lesi 
than unity. The forms shown are o(100), c(001), m(110),.«(011), ( )■ 

A single Lterfacial angle, or the mean value of the projection eleme 
Po (ro = 1), gives the geometrical element: 

1 : tan cq = 1 : Po 


a: c 


5. Hexagonal System 

An hexagonal crystal is projected in figures 26 and 27 show the 

six vertical planes of symmetry intersecting in the vertical 6-fold axis, 


1010 


M. A. PEACOCK 


The gnomonic net is a (50° rhombic net with a node at the center. The 
forms are indexed with reference to 60° gnomonic axes and the projection 
element p 0 (Fig. 27). By this means, the indices (hk.l) are obtained; the 
complete Bravais symbol ( hkil ) is obtained by adding i = h + k. The 



Fig. 26.—Stereographic projection Fig. 27.—Gnomonic projection of an 

of an hexagonal crystal. hexagonal crystal. 


forms shown are thus c(0001), a(1010), m(1120), r(1011), p(1121). The 
geometrical elements are given by a single angle, or by the mean gnomonic 
projection element, p<>: 

a:c — 1: J\/3 tan cr = l:J\/3Po 
6 . Rhombohedral System 

A simple rhombohedral crystal is projected in figures 28 and 29, which 
show the three vertical symmetry planes intersecting in the vertical 3- 
fold axis. The gnomonic net is a system of equilateral triangles, nr, sss, 
ttt, etc. To obtain the Miller indices ( hkl) of a pole on the gnomonic pro¬ 
jection, draw the three zone-lines, rr, and name their inner and outer sides 
+h, + fc, +1, and - h , -fc, — l, respectively. The indices of a pole on the 
gnomonic projection are proportional to the perpendicular distances from 
the pole to the three zone-lines, as shown in the case of <(111). The forms 
of a rhombohedral crystal may also be indexed with reference to hexagonal 
axes, exactly as in figure 27. In this way the forms in figures 28 and 29 
receive the following rhombohedral and^hexagonal indices: c(lll)(0001), 
m(101)(1120), r(100)(10ll), s(110)(0ll2), t(lll)(0221). The rhombo- 
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hedral axial angle, «, is given by angle cr or the projection element, P o, by 
the formulas: 

tan \a = V3 cos cr; tan cr = po 



Fig. 28.—Stcrcographic projection 
of a rhombohedral crystal. 


Fig. 29.—Gnomonic projection of a 
rhombohedral crystal. 


7. Cubic System 


Projections of a cubic crystal (Figs. 30 and 31) show four vertical sym¬ 
metry planes intersecting in a vertical 4-fold axrs, also four 3-fold axes 



Fig. 30.—Stereographic projection Fig. 31,-Gnomonic projection of a 

of a cubic crystal. cubic crystal. 
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emerging at o. The net is square with a node at the center and the pro¬ 
jection element p 0 = 1. The forms shown are a(100), d(011), o(lll). 
There is no geometrical element to be calculated, since no variation is pos¬ 
sible in the form of a cubic lattice. 

I\. CONCLUSION 

In concluding this sketch of the theory and practice of geometrical crys¬ 
tallography, it is realized that the necessary condensation has been achieved 
only by simplifying the subject and neglecting some of its aspects. The 
important matters of pseudosymmetry and twinning have not been men¬ 
tioned, though one is bound to meet these complications in practical work. 
Crystallographic transformation—the conversion of geometrical elements 
and indices from one crystal setting to another—has received no attention. 
Finally, the central problem of geometrical crystallography—indeed the 
only problem as distinct from difficulties which can be overcome by skill and 
patience—namely the discovery of the crystal lattice as distinct from a 
crystal lattice by geometrical means, has been glossed over in the foregoing 
examples by giving projections of such simplicity that no choice of lattice 
but the right one could reasonably be made. The adequate discussion of 
any of these topics would unduly expand this chapter. For information on 
these matters see the available textbooks and also recent mineralogical 
papers containing geometrical crystallography in connection with x-ray 
crystallography." 

It may, however, be useful to offer some general comment on the present 
status of geometrical crystallography and its place as a present-day labora¬ 
tory technique. Before it was possible to determine the actual array of 
identical points in a Crystal by means of x-rays, the study of geometrical 
crystallography had been practically completed. The theory of symmetry 
was completely developed from mathematical considerations; the general 
approximate law of crystal growth was known; and the majority of the 
known crystallized substances, more of them organic than inorganic, had 
been measured and described and the results compiled in Groth’s great 
work. 26 Striking analogies of crystal form were found between compounds 
of analogous compositions; and it was inferred with confidence that these 
analogies were due to similarities in the atomic or molecular structures 
which could not, however, be further revealed. 

As x-ray crystallography developed, the symmetry theory of geometrical 
crystallography was adopted as a necessary tool for the new technique. 

» Am. Mineral., Mineralog. Mag., and Contrib. Can. Min. ( Univ . Toronto Studies, 
Geol. Ser.) of the last few years. 

*« P. Groth, Chemische Krystallographie. 5 vols., Engelmann, Leipzig, 1906-1919. 
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bCC P rp and still are, too complicated to be determined, the detemuna- 
r To'f the crystal lattice soon became a routine which could be carried 

in every Pase with ease and certainty, given suitable material and 
out in e y . this lattice with that inferred by gomometry, 

eq mKsometimes found: perhaps more often ,t was 
LTnd that gon'ornetry had led to a different lattice cell than that given by 
x r ays and this showed, as was indeed suspected that the existing mc 

/bussing goniometric results did not lead with certainty to the smallest 
° II of the crystal lattice but often gave a small multiple cell. Thus x-ray 
hn oue superseded goniometry as a positive means of finding the crystal 
attice and the natural tendency has been to neglect morphological results 
or at most to indicate the transformation required to bring them into 

"‘S.'fcit b~». «'e« that th.„ 
choice of lattice cell for a given crystal, it became of great .nterest to r 
pxnmine the morphology of crystals and to improve the methods of choos 
ingThe unit ceU from geometrical data. Efforts in this direction have been 
fruitful. The arithmetic-harmonic rule provided a reliable means of find g 
the crystal lattice in the general (triclinic) case," and the speculation of 
S or centered lattices and space-groups* gave an equally reliable 
procedure for the higher symmetries. The effectiveness of these unproved 
procedures is best tested, as in the writer’s laboratory, by making^con¬ 
sidered choice of the lattice cell from geometrical data and thendetamtar 
ing the cell directly by x-rays and comparing the independent results. T 
consistent agreement obtained thus far shows that the ambiguity of geo¬ 
metrical cell determinations can be practically overcome 

Crystal form is the logical external manifestation of crystal structure 
and as a function of structure it deserves study and description, like every 
other function of the structure. Indeed, as the most immediate^nnta 
of the structure, crystal form should take its place immediately after 
crystal structure in the description of a crystallized substance, and without 
question structure and form should be described with reference to one and 
the same lattice coordinates. A chemical laboratory engaged ^ stau^ura! 
work requires a goniometer to orient single crystals for x-ray photographs 
with a little practice, a complete examination of the crystal form can be 

n M. A. Peacock, Am. Mineral., 22,210 (1937). ,o. 

» J. D. H. Donnay, Ann. soc. gM. Belg. Bull., 61, 260 (1938); Am. Mineral., 24, 184 

(1939). 
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made and the results coordinated with the roentgenographic work. If a 
geometrical description has already been published, it should be trans¬ 
formed, if necessary, to the structural lattice. In this way the great body 
of careful goniometric work on organic substances could gradually be re¬ 
worked for a future compilation of structural crystallography. In such a 
work the description of a crystalline substance might take the form of the 
following summary of the principal crystal properties of tartaric acid : 29 


Tartaric Acid (C«H*0») 


Symmetry. Monoclinic, sphenoidal, Cj — P2, 

Lattice, a - 7.693, b - 6.037, c - 6.195A., 0 = 100° 17' 
a:6:c = 1.2743:1:1.0262 


Structure. Z = 



Fig. 32.— 
Crystal of d- 
tartaric acid. 


2. (Atomic positions, when known.) 

Forms (right crystals). a(100), p'(liO), p(110), g(011), c(001), 
r(101), p(l01), *(011), o(lll), s(211), f(31l)?, a>(lll), «'(TIl) 
(Fig. 32); left crystals symmetrical to right crystals by reflec¬ 
tion in (010). 

Twins. Twin axis [001 ]. 

Physical Properties. Cleavage (100) perfect; specific gravity 
1.759; melting point 168-170° C.; strongly pyroelectric and 
piezoelectric. 

Optical Properties. 


a = b 

0:c +10-18° 
y:c -71-72° 


(N.) 


1.4961 

Positive 

1.5359 

2V = 77° 09$' 

1.6055 

2 E - 156° 36' 


Rotatory power in the optic axes of right crystals (degree/mm.): —8.5 (Li), 

-11.4 (Na), -14.2 (Tl). 

For the present, the goniometric data on crystals can also be used in 
another way, namely, by recasting them according to a set of inflexible 
rules so as to give angular determinative data. This scheme, which was 
commenced before the era of x-ray crystallography and is now well ad¬ 
vanced, is described by Donnay in the following chapter of this book. 

In concluding this sketch of geometrical crystallography I am glad to acknowl¬ 
edge the kindness of Dr. J. D. II. Donnay and Dr. I. Fankuchen, who read the 
manuscript and suggested some improvements and additions which should make a 
mineralogist’s essay more useful to organic chemists. 


19 Cell dimensions by W. T. Astbury, Proc. Roy. Soc. London, A102, 506 (1923); 
remaining properties selected from P. Groth, Chemische Krystallographie, VoL III, 
Engelmann, Leipzig, 1910, p. 303. 
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(3) The method is rapid, the total time required for an analysis varying 
between half an hour and a few hours. 

U) A huge amount of crystallographic data accumulated in the past 
century are made available for determinative purposes. The number of 
substances forming good crystals that have been investigated to date by 
non-x-ray goniometry may be estimated to exceed 10,000, and possibly 
to approach 12,000. Of these, the vast majority are organic compounds. 

(6) In most cases, the goniometric method of crystallochemical analysis 
does not overlap the x-ray methods. The latter, it is true, are able to cope 
with crystals devoid of reflecting faces and also with substances that 
crystallize in the isometric (cubic) system. The number of substances for 
which x-ray diffraction data are available, however, is still relatively 
small. The card index 2 for the determination of crystalline powders by 
the Hanawalt method comprises about 2400 substances, mostly inorganic 
compounds. According to a recent survey (1942) by Nowacki, 3 we know 
the absolute unit-cell dimensions and the space group for about 3000 sub¬ 
stances. 

Crystallochemical analysis is based on the Law of Constancy of Angles. 
The latter is easily understood now that we know the existence of the 
crystal lattice. The faces of a crystal are parallel to nets (lattice planes); 
and the edges, being the intersections of faces, are parallel to rows (lattice 
lines). The angle between two faces of a crystal is equal to the angle be¬ 
tween two nets of its lattice. If the same two faces, that is to say—faces 
parallel to the same two nets, occur on another crystal of the same crystal¬ 
line species (same chemical compound and, in case of polymorphism, same 
modification), then obviously the interfacial angle at the same temperature 
will have the same value. A similar explanation holds for the angle be¬ 
tween two edges, the interzonal angle. 

II. IDENTIFICATION AND DETERMINATION 

Two different tasks 4 may confront the crystallographer engaged in 
analyzing an unknown substance. The “unknown” may be only partially 
so, in the sense that some information has already been gathered on its 
constitution, as by qualitative chemical analysis, microchemical tests, 
or spectrographic analysis. In this case, the task may reduce to checking 


* W. P. Davey, Card Index File of X-Ray Diffraction Data, published jointly by 
A S.T.M. and Natl. Research Council, 1941. First Supplementary Card File of X-Ray 
Diffraction Data, published jointly by A.S.T.M., A.S.X.R.E.D., and (British) Inst. 
Physics, 1944. 

* W. Nowacki, Helv. Chim. Acta , 25, 863 (1942). 

4 P. Terpstra, Natuurw. Tijdschr., 14, 168 (1932). 
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one or a few possibilities—it Ls a problem of identification. On the other 
hand, the substance studied may be totally unknown, without any in¬ 
formation on its chemical composition; the problem is then truly one of 

determination. * 

The problem of identification is by far the simpler of the two. 1 nere is 
no need to have any determinative catalogue based on a unique choice of 
the unit cell. It is easy enough to look up the crystallographic description 
of the suspected substance in the literature and to compare the published 
angles with those one has measured. For this purpose, Groth's five vol¬ 
umes 6 are the outstanding compendium, in which about 7200 crystalline 
substances (two-thirds of them organic compounds) are described and 
classified according to their chemical composition. Although Groth gives 
interfacial angles only, other angles may, of course, be used for identifica¬ 
tion purposes. By plotting the published data in stereographic projec¬ 
tion, the coordinate angles (longitude and colatitude p) of the normal to 
any face can be obtained for comparison with angles measured on the un¬ 
known crystal by means of the two-circle goniometer. Interzonal angles 
can be read from the projection and checked on the unknown crystal with 
a simple contact goniometer. Microscope goniometry, developed at the 
Hercules Experiment Station by the writer jointly with O’Brien, 6 can be 
applied in the case of microscopic crystals lying on a glass slide with a face 
parallel to the stage of the microscope. The angles between edges or pro¬ 
jections of edges (projections onto the plane of the stage) can be measured 
on the rotating stage; such angles are readily obtainable from the published 
interfacial angles by graphic constructions on the stereographic net. 

Simple as they are, these methods of identification (of “checking 
hunches”) by goniometry may be extremely valuable to the industrial 
chemist. In order, however, to derive the fullest possible measure of 
usefulness from the published goniometric data, the latter should be made 
available in a systematic index to be used for determinative purposes. 

Before a determinative index can be compiled, a choice of crystallo¬ 
graphic constants must be made. These constants may be the relative 
unit-cell dimensions (axial elements) or angles (interfacial, interzonal, or 
coordinate angles). Even if they are cast in the form of angles, they are 
fundamentally related to the unit cell, whose shape controls the values 
of all angles and whose choice determines the Miller indices to be assigned 
to the various faces. To say, for instance, that one of the angles to be 
used .as determinative constants is the angle between faces (100) and (110) 
would be meaningless as long as the choice of axial elements has not been 
agreed upon. In the last analysis, deciding on a selection of angles as 

‘ P. Groth, Chemische Krystallographie. Engelmann, Leipzig, 1906-1919. 

* J. D. H. Donnay and W. A. O’Brien, Ind. Eng. Chem., Anal . Ed., 17, 593 (1945). 
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determinative criteria will always involve, as a prerequisite, the selection 
of the unit cell. 7 The latter need not be the true (structural) unit cell; 
it may well be arbitrary, provided the rules governing its choice lead to a 
unique solution. 


III. THE BARKER METHOD 

1. Nomenclature and Determinative Constants 

Barker 8 introduced a few concepts which simplify the discussion of his 
method. A plane is defined as a face direction. It corresponds either to 
one face only or to two parallel faces, whether these two faces are similar 
(equivalent) or not, whether they constitute a form or part of a form, or 




Fig. 1.—The 13 planes with simplest indices in isometric and triclinic systems. 

O, cubic planes; O, dodecahedral planes; •, octahedral planes. 

whether they belong to two different forms. Similar or equivalent faces 
are faces that have the same physical appearance, for instance, as to luster, 
striations, etched figures, and the like, regardless of some differences in 
their sizes and shapes. A form is defined as the assemblage of all similar 
faces on a crystal, as, for example, a cube, an octahedron, a dodecahedron. 

By analogy with the isometric system terminology, the three axial planes, 
whose Miller symbols comprise two zeros and a one, are called the cubic 
planes ; they are (100), (010), (001). Likewise the six planes whose sym¬ 
bols contain one zero and two ones are termed the dodecahedral planes’, they 
are (Oil), (101), (110), (Oil), (TOl), (llO). Finally, the four planes whose 

7 J. D. H. Donnay, G. Tunell, and T. F. W. Barth, Am. Mineral., 19, 437 (1934). 

* T. V. Barker, Systematic Crystallography, an Essay on Crystal Description, Classifi¬ 
cation and Identification. Murby, London, 1930. 
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Miller indices are all ones are designated the octahedral planes ; they are 
mil (Ill) (Hi), (111)- These 13 planes are called the planes with 
simplest indices (Fig. 1), the indices smaller than 2, positive or negative 
being the simplest. This definition is somewhat modified m the hexagonal 
-vstem as will be seen later on. A plane whose symbol contains an index 
greater’ than one is called a complex plane. The following 
fetters have been adopted (Fig. 2) to designate the faces: a(100), b 010), 
c(001), ?(011), r(101), m(110), Q(011), R(101), M(110), o(lll), p(Ill). 
0(111)» P(111). A primed letter refers to the face parallel to the u 

nrimed one; for instance, a'(lOO), m'(llO). 

The choice of three axial faces, a(100), 6(010), c(001), and of one para¬ 
metral face, that is, a face intersecting all three coordinate axes, for m- 



FiK. 2.—Barker's determinative angles. 


stance any one of the “octahedral” faces, say o(lll), determines what the 
Miller symbols of all the remaining faces will be. This is easy to see 
(Fig. 2): Zone circles aca' and bcb' are given; zone circle co determines 
m on the primitive circle; zone circles aoa' and bob' determine the locations 
of q and r; zone circle qr intersects the primitive in M whence the zone 
circle MOcM' can be drawn; and the projection is easily completed, lne 
pattern of the 13 planes with simplest indices, considered with a cubo- 
dodecahedral zone vertical, is extremely important in the development ol 
the Barker method. It can be visualized as a spherical quadrilateral re¬ 
sulting from the intersection of two lunes; the lunes point to two cubic 
planes; the diagonals of the quadrilateral meet the primitive circle in two 
dodecahedral planes. This pattern has been called the normal pattern 
Assuming one had a set of rules to make a unique choice of the axial 
andjparametral faces, every crystallographer would be able to reach the 
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same normal pattern (Tig. 2), which would be an unambiguous representa¬ 
tion of the crystal. The rules will be given on pages 1022-1029. In order 
to avoid tedious calculations, or at least to reduce them to a minimum, 
Barker proposed the use of angular values, instead of the axial elements, 
as determinative constants; namely, in the triclinic system, the interfacial 
angles, cr, ra, am , mb, be/, qc. It is immaterial whether these planes have 
all been observed or not. One of the angles is superabundant, since five 
angles are sufficient to determine the axial elements. The six Barker angles 
obey the relation: 

sin cr sin am sin bq , 

—-• • —- = 1 

sm ra sin mb sin qc 

Fewer angles are used in the more symmetric systems: four in the mono¬ 
clinic system, cr, ra, am, bq (since ab = be = 90°), where the following re¬ 
lation holds: 

sin cr . , , 

—- tan am -tan bq = 1 

sin ra 

three in the orthorhombic system, cr, am, bq (since ca = a6 =* 6c = 90°), 
where the relation reduces to: 

tan cr • tan am • tan bq = 1 

and one only, cr, in the tetragonal, hexagonal, and rhombohedral systems. 
The substances are to be listed, in the determinative index, according to 
systems and, within each system, in the order of increasing values of one 
of the angles, chosen as classification angle (am in the triclinic and mono¬ 
clinic systems, cr in the orthorhombic and the dimetric systems), which is 
printed in boldface. 

2. Choice of Setting. Principle of Simplest Indices 

The first step in the application of Barker’s method is plotting the stere¬ 
ographic projection of all the faces from the angular measurements. The 
choice of the coordinate axes and of the parametral face is not to be guided 
by crystal-habit considerations, but will result from an analysis of the 
stereographic projection. 

Try to give simplest indices to as many of the observed planes as pos¬ 
sible. If this can be done in only one way (for instance, if all the observed 
planes are the 13 planes of figure 1), the setting is said to be uniquely de¬ 
termined. This means that it is known which planes are to be cubic, 
which dodecahedral, and which octahedral, although it is not known which 
of the three cubic planes is to be a(100), nor which face is to become a(100) 
and which a'(TOO), and so on. In other words, the parallelepiped which 
is to be taken as the unit cell is determined, although the coordinate axes, 
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Which are the edges of the parallelepiped, are neither named nor directe^ 
An example, chosen from the triclinic crystal system, will show how 
Principle of Simplest Indices is put to work. 

Consider the stereographic projection of are 

plotted according to the axial elements given in Groth.* Only nine forms 
observed, yet two are given complex symbols: Z\ 121) and X'021). y means 
a forward rotation about the diameter normal to (010), until the four-plane 
b'Kcqb falls on the equatorial circle, the projection is given a new a PP^ ra "' e 
(Fig 4) in which the normal pattern of figure 2 is easily recognized. All the ob¬ 
served planes can be given “simplest indices”; even so, four poles of the normal 
pattern remain vacant. The unit cell defined by figure 4 satisfies Barker s Prin¬ 
ciple of Simplest Indices. 



The application of this principle may lead to ambiguity, in the sense that 
more than one setting may be found to give simplest indices to the same 
maximum number of observed planes. Ambiguity in the choice of the 
setting may occur in the case of overdevelopment t that is to say, when there 
are several settings having the same maximum number of planes with 
simplest indices, or in the case of underdevelopment, when less than 13 
planes are observed and there are several ways of composing the normal 
pattern by adding nonobserved planes. Auxiliary rules are provided to 
remove the ambiguity in the choice of the setting. They are based on com¬ 
parisons between angular values, for instance, that setting may be chosen 
in which angle ca (001:100) is nearest 90°. In this type of comparison, 
two angles are accounted equal if their values differ by 1° or less. Each in 

• P. Groth, Chemuche KrystaUographie. Vol. V, Engelmann, Leipzig, 1919, p. 365. 
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turn is supposed to be the larger and the two settings are worked out If 
two angles are actually equal, that is, if the angles are between identical 
or equivalent faces, the ambiguity persists and the next rule is tried. The 
auxiliary rules will be given under each crystal system. 

3. Orientation of Setting 

Additional rules determine the orientation of the setting, once the latter 
is uniquely selected. They are concerned with naming and directing the 
axes or, the equivalent, deciding which of the axial planes will be c and 
J vhlch a » wh * ch of the c faces will be (001), and which of the a faces will be 
(100). Such rules completely determine the orientation of the setting. 
Agam they are based on comparison of angular values. If two angles 
differ by 1 or less, they are accounted equal, each in turn is supposed to 
be the larger, and two different orientations of the setting are necessary. 
Directions for orienting the setting are given below for each crystal system. 

A few' remarks on nomenclature are necessary for the understanding 
of the directions. It has been noted that little heed is paid to symmetry, 
since the concept of planes (rather than those of faces and forms) domi¬ 
nates the whole Barker system. In keeping with this viewpoint, all the 
faces are projected, on the stereographic projection, as though they were in 
the upper hemisphere. The forms thereby lose their individualities and 
they are loosely designated; for instance, any inclined form is called a 
pyramid in the tetragonal and hexagonal systems, a rhombohedron in the 
rhombohedral system, and so on. The definitions of the hexagonal and 
rhombohedral systems are not orthodox according to present-day stand¬ 
ards. In the Barker system, any crystal with a single threefold sym¬ 
metry axis is treated as rhombohedral. Only if a crystal has a single 
sixfold symmetry axis is it considered hexagonal. 

4. Auxiliary Rules to Remove Setting Ambiguities 

A. TETRAGONAL SYSTEM 

The fourfold symmetry axis is taken as the c-axis. The planes 

with simplest indices (Fig. 5) are: c(001), r(101), 
a(100), m(110), o(lll). The classification angle 
is cr. 

Rule for Ambiguous Cases.— Underdevelop¬ 
ment .—If only one pyramid is present, it is 
labeled r(101). 

Overdevelopment .—That setting is chosen for 
which cr is closest to 45°. 



Fig. 5.—Tetragonal system. 
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B . HEXAGONAL SYSTEM 

The sixfold symmetry axis is taken as the c- 
simplest indices (Fig. 6) are: c(0001), r(1011), 
a(10l0), m(1120), o(1121). Remember that the 

third index is superabundant. The classifica¬ 
tion angle is cr. rr _ _ , 

Rules for Ambiguous Cases.— U nderdevelop- 
ment '—ll only one pyramid is present, it is 

labeled r(1011). 

Overdevelopment.— That setting is chosen for 

which cr is closest to 49° 6'. 


axis. The planes with 



Fig. 6.—Hexagonal system. 


C. 


RHOMBOHEDRAL SYSTEM 

The threefold symmetry axis is taken as the c-axis. The P lanes 
simulcst indices in rhombohedral notation (Fig. 7) are: 

r(100)(1011), a(101)(1120), e(110)(01l2), o(lll) 

(0221). The classification angle is cr. 

Rules for Ambiguous Cases.— Underdevelop¬ 
ment .—If only one rhombohedron is present, it is 
labeled r(100)(10ll). Two rhombohedra tauto- 
zonal with c(lll)(0001) are labeled e( 110 )( 0112 ) 
and o(lll)(0221). Two rhombohedra, one of 
which truncates^ the other, are labeled r(100) 
(lOll) and o(lll)(0221). 

Fig. 7 .'—Rhombohedral Overdevelopment .—That setting is chosen for 

system. which cr is closest to 54° 45'. 



D. ORTHORHOMBIC SYSTEM 

The three mutually perpendicular symmetry directions are taken as 
coordinate axes. (A symmetry direction is either a 2-axis or the per¬ 
pendicular to a mirror.) The setting is oriented 
by placing the hypo-tetragonal zone vertical, 
with am smaller than mb. (The hypo-tetragonal 
zone is that cubo-dodecahedral zone in which 
the angle between a cubic and a dodecahedral 
plane is closest to 45°.) The planes with sim¬ 
plest indices (Fig. 8) are: c(001), r(101), a(100), 
ro(110), 6(010), g(011), o(lll). The Barker 
angles are: cr, am } bq, with cr as classification 

angle. Fig. 8.—Orthorhombic 

Rules for Ambiguous Cases.— Underdevelop- system. 
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merit. If only one cubo-dodecahedral zone is developed, so that only one 
axial ratio can be determined, this zone is taken as era, with cr smaller 
than ra. In this case, the only angle that can be given is cr, the classifica¬ 
tion angle. 

Overdevelopment.—To choose from equally simple settings apply the 
following rules in order: (/) am nearest 45°, (2) bq nearest 45°, (3) cr 
nearest 45°. 

Remarks. Barker used cr, instead of bq, in rule (2). The change was 
proposed 10 in view of the fact that cr, being the classification angle, should 
have as wide a range as possible. Rule (3) was added by Spiller and Hey. 

E. MONOCLINIC SYSTEM 

The symmetry direction is taken as the 6-axis. For convenience, the 
stereographic projection is made on the 6(010) plane. The setting is 
oriented by taking ca smaller than 90°, with cr smaller than ra, which is 



equivalent to taking ca ' larger than 90°, with cR smaller than Ra '. The 
planes with simplest i es (Fig. 9) are: c(001), r(101), a(100)*, ra(110), 
6(010), ^(Oll), o(lll), R{ 101), p(lll). The convention relative to primed 
letters is slightly modified; some primed letters represent faces that are 
not parallel to the corresponding unprimed ones (Fig. 9), for instance: 
m(110), ra'(nO). The Barker angles are cr, ra, am, bq, with am as classifi¬ 
cation angle. 

Rules for Ambiguous Cases.—A number of problems may occur in 

w P. Terpstra, J. D. H. Donnay, J. M61on, and W. J. van Weerden, Z. Krist., A87.281 
(1934). 
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0 f underdevelopment. Although they can all be solved in a straight¬ 
forward manner, they will require more detailed explanations. Some defini¬ 
tions must be introduced. 

A zone is called a three-plane zone, a four-plane zone, etc., according to 
the number of planes it contains. A four-plane zone is said to be har- 
nonic when four faces, p, q, r, s, taken in order (Fig. 10), satisfy the co¬ 
tangent formula: 

2 cot pr = cot pq + cot ps 

which can easily be expressed geometrically as: 2 AR = AQ - SA, whence 

SA + AR = AQ - AR or SR = RQ (Fig. 10). It is thus easy to check 



whether a zone is harmonic—on a parallel to the first face-normal, the 
other three face-normals must intercept equal segments. If the zone to 
be checked is not the equatorial zone (Fig. 11), it is rotated into the equator 
around the first face-normal. This may be done on the stereographic net 
or, more simply, by joining pole P of the zone to face poles g, r, s, and 
producing to the equatorial circle. A cubo-dodecahedral zone (for in¬ 
stance, zone arcR in figure 9) is harmonic, and so is a cubo-octahedral zone 
(for example, zone aogp in figure 9). A three-plane zone is transformed 
into an harmonic four-plane zone by the insertion of a fourth plane, har¬ 
monically, in the largest interfacial angle. This is known as the Principle 
of Largest Angle Truncation. Likewise a four-zone bundle, constituted by 
four zones having one plane in common, may be harmomc. The four 
zones that meet in a cubic plane form an harmonic zone bundle (for ex¬ 
ample, zones raR', amp', qbg', pm'o', which all intersect in the plane c, in 
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figure 9). A three-zone bundle is transformed into an harmonic bundle 
by the insertion of a fourth zone, harmonically, in the largest interzonal 
angle. This is known as the Problem of the Free Zone. 

A form oblique to the 6-axis is called a terminal form. It consists of 
two planes (for instance, o and o' in figure 9) tautozonal with 6. The zone 
is called a polar zone. The planes lie on a diameter which determines 
the location of a plane on the equator. The 6 plane is not a terminal form; 
its presence or absence is immaterial to the systematic problem. The vari¬ 
ous cases of underdevelopment are distinguished according to the number 
of terminal forms, such as can be given simplest indices. In order to 



Fig. 12.—Monoclinic system, conven¬ 
tional letters used in statements of rules. 


simplify the statements of rules, Barker designates the planes, prior to 
the choice and orientation of the setting, by certain conventional letters 
(Fig. 12). 

Underdevelopment. —( 1) Three Terminal Forms. The Free Zone Problem 
suffices to remove any ambiguity. 

(2) Two Terminal Forms. Let d and e be two planes (Fig. 13) such 
that angle dbe is acute. Three equatorial planes ( D , E, F) are located 
by zones bdD, beE , dcF. If the fourth equatorial plane, G t is not de¬ 
veloped, it is inserted harmonically in the largest of the three angles, 
DE, EF, FD'. The only case of ambiguity arises (Fig. 14) when G, either 
developed or inserted, falls between D and E. The latter are then taken 
as axial planes, which makes d and e dodecahedral. 

(3) One Terminal Form. Let d be the one terminal; it defines D on 
the equator. If E, F, G are developed, d is considered dodecahedral, 
which makes D and F axial. If only two equatorial planes besides D are 


XVII. CRYSTALLOCHEMICAL ANALYSIS 


1029 


developed, insert the fourth one harmonically (Principle of Largest Ange 
Truncation). If only one equatorial plane besides D is present. 1 is 
labeled (001), while d is taken as (110) and D as (100); in this case, wo 
angles are given, ca and am, the latter being the classification angle, 
no equatorial plane besides D is present, which may happen in the case 
of an incomplete crystal, D is taken as (100), d as (110), and am is the on y 

angle given. . , 

(/,) No Terminal Form. Such substances are listed separately in the 

index. The classification angle becomes ca, supplemented if possible by 




Fig. 14.—Two terminals (solution). 


cr and ra. If D , E, F, G are developed, either Z>, F, or E t G are taken as 
axial, according to whether DF or EG is closer to 90°. If only three 
equatorial planes are developed, apply the Principle of Largest Angle 
Truncation to create a fourth one. If only two equatorial planes are 
present, they are considered axial, and ca is the only angle given. 

Overdevelopment .—To choose from equally simple settings, apply the 
following rules in order: (/) ca nearest 90°, (2) cr nearest 45°, (5) bq nearest 
45°, (4) am nearest 45°. 

Remarks .—The rules for monoclinic overdevelopment, barely sketched 
by Barker, had to be recast. 10 Rule U) was added by Spiller and Hey. 


EXAMPLE 

Suppose an unidentified crystal of sodium formate is to be determined by the 
Barker method. The presence of a center of symmetry and an axis of twofold 
symmetry, perpendicular to a plane of symmetry, is ascertained on inspection and 
will be checked by the measurements. Two zones are measured on the goniometer 
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and the crystal form combination is plotted in stereographic projection (Fig. 15) 
on the plane of symmetry 6(010). The monoclinic symmetry is confirmed. The 
observed faces are designated by arbitrary numl>ers, 1 to 8. The three measured 
interfacial angles chosen as the most reliable arc: 

3 : 8' = 76° O', 2:3 = 65° 26', 2': 6 = 70° O' 

They arc shown on the projection (Fig. 15), on which various zone intersections 
have been numbered, from 9 to IS, for future reference. 

The case is one of underdevelopment with three terminal forms; there is no 
ambiguity in the choice of the setting. The zone circles drawn on figure 16 make 
the normal pattern. The axial planes arc 1, 2, and 9, the 'atler being an un- 



Fig. 15.—Sodium formate, Fig. 16.—Sodium formate, three ter- 

measurements. ininal forms, unique setting and orienta¬ 

tion. 


observed plane located by zone intersection. Of these three planes, plane 1 must 
be the 6 plane, by reason of symmetry. The setting is completely oriented by 
taking 9' as c(001) and 2' as a(100), so that angle cr is smaller than ra and ca 
is smaller than 90°. The face 1 becomes 6'(010), since the system of coordinates 
must be right-handed. Faces r(101) and g'(Oll) are unobserved; face m'(110) is 
the observed face originally numbered 7. 

The Barker angles, calculated by spherical trigonometry from the three measured 
angles chosen above, are (Fig. 16): 

cr = 28° 13', ra = 58° 9', am = 58° 46', bq = 47° 27' 

Crystals of sodium formate have also been observed on which faces 4 and 7 are 
missing. Assuming such a crystal is to be measured, the case becomes one of 
underdevelopment with two terminal forms. 

The zones, 8-1-3, 5-1-6, and 6-3-2, determine the locations of three equatorial 
planes: 12, 13, and 2 (Fig. 15). The fourth equatorial plane is not developed; 
it is inserted harmonically, as plane 14, in angle 2-13', which is the largest of 
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„ three available angles in the equatorial zone. The setting is unambiguously 
‘ h ® ‘ ined (Fig 17) since zone 14-1-14' defines two additional terminal planes, 
at its intersections with zones 2-5-8 and 2-3-6. The axial are 

! 5 9 and 13- Angle 2-13' is less than 90°, but the two angles, 2-14 and 13 -14, 
calculated bv spherical trigonometry, are found to be equal within a few secon a 
of arc Since they differ from each other by less than one degree, two orientations 
of the setting must be calculated (Fig. 17). 





Fig. 17.—Sodium formate, two ter¬ 
minal forms, unique setting but two 
orientations. 


In the first orientation, angle 13'-14 is considered smaller than 2-14 Face 13 
becomes c(001) and face 2 becomes a(100), with face 1 becoming MOlOJ-FaceS 
is token as ,(011), and face 17 as m(110). The Barker angles are found to be. 

cr = 31° 51', ra = 31° 51', am = 39° 30', bq = 50° 30' 

In the second orientation, angle 2'-14' is considered smaller than|18-14'. Face 
2' becomes c(001) and face 13 becomes a(IOO). Face 1 becomes !. (010). Beeause 
of the equality of cr and ra, the Barker angles have the same values as in the first 

“"sodiumformate will be found in the Barker index under either one of the entries: 
am = 58° 46' and am - 39° 30'. 


F. TRICLINIC (OR ANORTHIC) SYSTEM 

In this system there is no symmetry direction. The systematic P r0 “ e “ ‘ s 
thereby considerably hindered. The treatment of the tnchmc ^nsBufaii 
original essay lacks the clarity and the thoroughness which characterize that of 
the other crystal systems. The rules pertoimng to the latter needed only shg t 
amendments, as was seen above. Much work, however, remained to be done on 
the triclinic system. 
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The determinative problem, in this as in other systems, comprises two main 
steps: to find the setting; and to orient the setting. The second question may be 
considered settled. The setting, once uniquely determined, can be oriented by 
means of the following rules: (/) the smallest of the interfacial angles between 
axial planes is taken as ca; ( 2) cr smaller than ra, which is equivalent to cR smaller 
than Ra'; (3) interzonal angle abc smaller than 90°; (4) interzonal angle bar 
smaller than 90°. The planes with simplest indices and their systematic letters 
have been given above (Fig. 2). Barker had proposed another rule, the so-called 
hypo-monoclinic rule for determining the b plane; the present rule (/) was sub¬ 
stituted for it by Spiller and Hey. 

The preliminary task of finding the setting, however, is fraught with difficulties. 
Application of the Principle of Simplest Indices, which is the basic rule, taking pre¬ 
cedence over all others, usually discloses the existence of many settings giving 
simplest indices to the same maximum number of observed planes. Before the 
ambiguity can be removed, and a setting chosen, by means of auxiliary rules de¬ 
signed to guide the choice, it is obvious that all possible equally simple settings must 
first be found out. This constitutes a major hurdle. The ambiguity may result 
from overdevelopment (too many planes), or from underdevelopment (too few 
planes), or even from a combination of both (too many planes and yet too few—of 
the right kind). 

The case of overdevelopment has been investigated by the Barker workers 
(Terpstra, Donnay, M4on, van Wcerden, on the one hand, and Spiller and Hey, 
on the other), 10 at least to the extent of discussing sets of auxiliary rules for the 
removal of ambiguity. A systematic investigation of all possible cases of over¬ 
development appears impossible, since such a problem has no theoretical limits. 
The same problem, however, when dealing with underdevelopment is amenable 
to mathematical treatment. It has been raised and solved by Terpstra and van 
Weerden. 11 • 12 To what an extraordinary extent ambiguity persists after the ap¬ 
plication of the Principle of Simplest Indices is shown by van Weerden, who con¬ 
siders this “a serious menace to the utility of Barker’s system for triclinic crystals”. 
Some of his results will illustrate this point. 

A few additional definitions must be introduced at this place. The zones of the 
normal pattern (defined above) fall into three types: cubo-dodecahedral (abbrevi¬ 
ated c.d.), cubo-octahedral (abbreviated c.o.), and dodecahedral-dodecahedral (ab¬ 
breviated d.d.). A d.d. zone only contains dodecahedral planes, as, for example, 
zone (110)-(101). This concept was not used by Barker, who recognized the other 
two types of zones. A configuration can be visualized as a normal pattern occupied 
by n planes (1 ^ n ^ 13). By erasing the zone circles of a configuration, a complex 
results. A complex is, therefore, a number of planes which can belong to a con¬ 
figuration. Several configurations may give the same complex. Two complexes 
that can be transformed into each other by a homogeneous transformation are 
termed equal. Usually, more than one configuration (or construction) can be ob- 

11 P. Terpstra and W. J. van Weerden, Z. Krist ., A95, 368 (1936). 

11 W. J. van Weerden, Algemeene beschouxcingen over Barker’s “Principle of Simplest 
Indices’ ’ Wolters, Groningen, 1938 (Dutch text, English summary). 



XVII. CRYSTALLOCHEMICAL ANALYSIS 


1033 


• j Kv drawing zone circles through the planes of a complex, but these con- 
!f' n r»tioL are not necessarily different. Two configurations that can be trans- 
d into each other by a collincar transformation are equal. A complex 
mo e “an one configuration can be constructed is called ambiguous. 

T rnX and van Weerden have shown that there are 552 different configurations 
1 203 different complexes, including the trivial case of 1 plane only. 
ftD nd complexes are given appropriate symbols, and are tabulated. The 
figurations are divided by van Weerden into the following groups, patterned after 
Barker’s original classification: 

I At least one four-plane zone. 

A. At least one four-plane zone is c.d. 

B. All four-plane zones are c.o. 

II. No four-plane zone, but at least one three-plane zone. 

A. At least one three-plane zone is c.d. 

B. No three-plane zone is c.d.; at least one is c.o. 

C. All three-plane zones are d.d. 

III. Only two-plane zones. 

A. At least one two-plane zone is c.d. 

B. No two-plane zone is c.d.; at least one is c.o. 

C. No two-plane zone is c.d.; none is c.o.; at least one is d.d. 

D. No two-plane zone is c.d.; none is c.o.; none is d.d. 

IV. No zones. 

In the table of complexes, each complex is indicated as unambiguous or amb^ 0 ^ 
All the possible constructions for each ambiguous complex are als0 * 

'c nf thP tables it is easy to find the symbol of the complex (and all its 

of any combination of planes observed o a 

crystal provided such combination does represent a complex Of all ne 
cUnic combinations found in Groth's five volumes 996, that » to say about 85%. 

racont romnlexes. The possibility of overlooking a setting is thereby eu 
inated and auxiliary rules for choosing the final setting can be confidently applied. 

' tn his dissertaJ, van Weerden makes inquiries into the kind of aux.hary nde 
that would be most powerful for removing the ambiguity of the setting He 
examines several ru^ some of them 

lowers, from the double viewpoint of their theoretical and t e P 
usefulness in coping with ambiguity. The theoretical 

mathematically possible complexes, and the practical one, to what may be co 
sidered a representative sampling of the actual tnclmic crysta s namely the 996 
complexes in Groth’s compendium. He finds that tnclmic crystals show a mark d 
preference for a small number of complexes <19 complex^ f " 

cases, 6 complexes for 58%) and, unfortunately enough precisely ^ those that 
admit of a large number of constructions. A selection of the setting by rules base 
on metrical considerations, such as rules of pseudosymmetry, for instance, wou d 
entail a prohibitive amount of labor, as the choice in the 996 cases examined had 
be made from an average of 69 constructions. 

Barker’s "c.d. rule.” namely, that if at least one harmonic four-plane zone be 



1034 


J. D. H. DONNAY 


developed it shall be regarded as c.d. unless it violates the Principle of Simplest 
Indices, is suitable in practice, but fails adequately to remove the ambiguity. A 
new rule is then investigated based on symmetry considerations. The symmetry 
of a configuration being defined as the symmetry which it acquires when trans¬ 
formed, by homogeneous transformation, into a cubic normal pattern (Fig. 1), the 
rule is to select as highly symmetrical a configuration as possible. Applied in con¬ 
junction with the c.d. rule, and after the latter, this new rule appears to be very 
powerful, reducing the number of necessary constructions of a complex from G9 to 
3 on the average. Finally, van Weerden examines the feasibility of using the com¬ 
plex itself, rather than one of its constructions, with determinative angles chosen 
from those available on the complex, for determinative purposes. lie concludes 
that this scheme could be made practical. He refrains, however, from making 
definite suggestions as to which course should be followed, leaving the responsibility 
of the decision to the group of Barker workers. 

5. Conclusions 

Neither the Barker method nor, for that matter, any goniometric method 
of crystallochemical analysis can be used to determine isometric crystals. 

I he Barker method is remarkably straightforward and easy in all other 
systems except the triclinic. 

The distribution of crystalline substances among the various crystal 
systems can be estimated fairly well. Taking the 7183 substances listed 
in Groth as a representative sample, Haan 13 and Rogers 14 give figures that 
lead to the following percentages: triclinic, 12%; monoclinic, 47%; 
orthorhombic, 29%; tetragonal, 4%; hexagonal, 2%; rhombohedral, 4%; 
and isometric, 2%. The values obtained by Nowacki 3 from a survey of the 
3063 substances investigated by x-ray analysis, for which the unit-cell 
dimensions and the space group are known, differ appreciably. They are 
as follows: triclinic, 2%; monoclinic, 20%; orthorhombic, 18%; tetrag¬ 
onal, 12%; hexagonal, 8%; rhombohedral, 11%; and isometric, 29%. 
These figures show a large increase in the high-symmetry systems, the 
ones most easily amenable to x-ray analysis. It is gratifying to note that 
x-ray diffraction data are already available for practically all the isometric 
substances (about 900 known in 1944), which cannot be determined by 
goniometric methods. The number of substances known to crystallize 
in the dimetric systems has increased considerably over those in Groth’s 
compilation. Boldyrev and coworkers 15 have gathered the following 

11 J. H. Haan, KristaUomelrische Determinceringsmelhoden. Wolters, Groningen, 1932 
(Dutch text, German summary). 

14 A. F. Rogers, Am. Mineral., 15, 120 (1930); also, personal communication. 

11 A. K. Boldyrev and W. W. Doliwo-Dobrowolsky, DestimmungslabeUen fur 
Kristalle. Band I, Erste Hiilfte, Einleitung, Telragyrische Syngonie. Zentrales Wissen- 
schaftliches Institut der Geologie und Schurfung, Leningrad-Moscow 1937 (Russian 
text, German translation of introduction). 
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totals: tetragonal, 670 (against 286 in Groth); hexagonal, 517 (against 
248 in Groth); and rhombohedral, 638 (against 298 in Groth). The repre¬ 
en tatives of the trimetric systems must also be more numerous, since 
SC t of the new substances prepared have complicated chemical formulas, 

™ d hence are more likely to crystallize in the low-symmetry systems. 
The only figures at hand, however, are still those of Haan, based on Groth. 
They must be considered minimal values: triclinic, 894; monoclinic, 
0059 . an d orthorhombic, 2063. Now, if one bases the percentages on the 
highest figures available for each system, the following results are ob¬ 
tained: triclinic, 10%; monoclinic, 37%; orthorhombic, 23%; tetrago¬ 
nal 7%; hexagonal, 6 %; rhombohedral, 7%; and isometric, 10%. 

As time goes on, it is probable that these percentages will tend to revert 
slowly to the figures obtained from the Groth survey. 

The above statistical data serve to bring home one point, namely, that 
80 to 85% of the crystal kingdom can be successfully and easily deter¬ 
mined by the Barker method. This estimate excludes the irreducible iso¬ 
metric crystals and the, so-far, refractory triclinic system. When the 
latter has been tamed, the Barker system will be in a position to cope with 
90 to 95% of the measurable crystals. If only organic compounds are 
taken into account, less than one in a thousand belongs to the isometric 
system (only three are found in Groth), while 11 to 12% are triclinic. 

As far as organic chemistry alone is concerned, 88 to 89% of the measur¬ 
able crystals are now identifiable by the Barker method, and 99.9% wil 
be when the unruly triclinic system is harnessed. Even if the difficulties 
encountered in the latter did prove to be insuperable, the Barker method 
would still be valuable in its present state of completion. 

IV. OTHER METHODS 

We have seen that the first prerequisite of a determinative method is the 
choice of a unit cell in a unique orientation. Barker's determinative 
angles are based on a conventional, arbitrary unit cell. The ideal, of 
course, would be the use of the true unit cell for determinative purposes. 
Goniometric data alone, however, cannot discriminate between isogonal 
lattices, and are thus inadequate for determining the true lattice. Nu¬ 
merous attempts have been made to solve this problem by morphological 
considerations, such as the relative frequency and size of the various 
crystal forms observed. The only method of attack that led to any meas¬ 
ure of success is that based on the Law of Bravais . 16 

The Law of Bravais relates the importance of the forms to the lattice. 
By importance is meant essentially the frequency with which the form 

« G. Friedel, Compt. rend., 139, 221 (1904). 
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occurs on the various crystals of different crystallization batches. It is a 
refinement of the Law of Hauy, which states that the faces observed on 
crystals have simple indices—in other words, that the Miller indices are 
small integers. The Law of Bravais adds that, among the many isogonal 
lattices satisfying the goniometric data, one can be found in which nets of 
high reticular densities, t. e. t nets with many nodes per unit surface, are 
parallel to the observed crystal faces; and that, for the main forms at 
least, the higher the reticular density the more important is the correspond¬ 
ing form. The higher the reticular density of a net, the smaller of course 
is the area of its unit mesh. Since the product of the mesh by the inter- 
planar distance is constant, being equal to the volume of the unit cell, it 
follows that the Law of Bravais can also be expressed as follows: the larger 
the interplanar distance, the more important the form. This statement 
of the law is preferred, in view of the importance of interplanar distances 
in x-ray diffraction work. 

1. The Fedorov Method 

Compliance with the Law of Bravais can thus be made the first prerequisite for 
the choice of the lattice. Once the lattice is determined, it is then an easy matter 
to select a conventional unit cell to express it. In the past 15 years, this 
lattice has been called the “Hatiy-Bravais lattice” or the "morphological 
lattice,” in order to emphasize the fact that it does not coincide with the true 
(structural) lattice in all cases. 1 1 was the morphological lattice that Fedorov, 1 who 
called it the “correct” lattice, decided to use in his system of determination. His 
method for arriving at the "correct” lattice was difficult and tedious. It involved, 
among other things, calculating the reticular densities 17 of many nets, listing the 
nets of the lattice in the order of decreasing reticular density, and comparing this 
list with that of the observed forms. If, for instance, ten forms were observed on a 
crystal, and they corresponded to the ten densest nets of a lattice, that lattice would 
have been the "correct” one. The value of the setting, W t was introduced to ap¬ 
praise the relative merits of various possible lattices. IP is the ratio R:I, where 
R is the sum of the squares of the reticular densities of the n observed forms and 
l is the corresponding sum for the n forms, observed or not, with the highest 
reticular densities, i. e., those that would be present if the Law of Bravais were 
rigorously satisfied. By reticular density of a crystal form, we mean the density 
of the net which is parallel to a face of the form. Fedorov also gave rules for the 
selection of a unit cell in his “correct” lattice and for its orientation. 

The Fedorov system of crystallochemical analysis is the only one to date which 
has been carried all the way to completion. The determination of a crystalline 
substance is actually possible, by means of Fedorov’s monumental index, Das 
Krystallrcich, provided the crystallography of the substance was known at the 
time of the compilation. In 1917, for instance, Barker, 18 using Fedorov’s tables, 

17 P. Terpstra and W. J. van Weerden, Am. Mineral., 19,531 (1934). 

18 T. V. Barker, The Lancet. May 26, 1917. 
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successfully determined as salol a crystal “of intestinal origin” 
ro0 re than 0.229 gram. The Fedorov system, however, never 


which weighed no 
gained popularity. 


2. The Boldyrev Method 


Recognizing that complicated rules 1 * for the choice of the unit cell were the chief 

drawback of Fedorov’s method, Boldyrev 20 decided to eliminate the necessity or 
a unique conventional unit cell by using all the measured angles for determinative 
purposes. Therein lies the originality of the new scheme.* 1 

The first volume 16 of the Determinative Tables for Crystals, to which 19 workers 
collaborated, covers all the crystals of the tetragonal system, minerals as well as 
nonminerals, and consists essentiaUy of two parts: the crystallographic description 
of all the substances, listed according to a crystallochemical system of classification, 
and the determinative “key” or index in which the angles measured on the 
“unknown” crystal are to be looked up. Minerals and nonminerals are listed 
separately, both in the descriptive part and in the determinative key. Appended 
are alphabetical indices, in Russian and in German, of the chemical names (one for 
nonminerals and one for minerals), and an index of compounds listed according to 
their chemical formulas. 

The determinative key is arranged in five columns. The first column contains 
the determinative angle, which is the polar distance of the face considered, namely, 
the angle which the normal to the face makes with the normal to the base. The 
angle is printed in bold face for a main face, that is, a large, habit-controlling face, 
in ordinary type for a face of medium size, and between parentheses for a small 
face. The second column gives the Miller indices assigned to the face in the de¬ 
scription of the substance. The third column indicates the relative importance 
of the form by a Roman numeral, that is, its rank in the order of decreasing im¬ 
portance. The name and chemical formula are found in the fourth column, while 
the fifth refers to the substance number, under which the full crystallographic de¬ 
scription can be located in the systematic part of the book. 

The various steps of the determination are as follows: 

( 1 ) Measure the unknown crystal on the goniometer. 

(2) Plot the stereographic projection. Ascertain the crystal system to which 
the substance belongs. List (in the case of the tetragonal system, for instance) the 
polar distances of all forms, in the order of decreasing size of the faces. 

(S) Find, in the key, the substances with which the various polar distances are 
compatible. Allow *30' for the possible inaccuracy of the measuremente. Elim¬ 
inate wrong substances by means of the successive angles, the relative sizes of the 
faces, their symbols, and, if need be, other physical properties to be found in the 
descriptive section. 


A. K. Boldyrev, Kommenlani k Rabote E. S. Fedorova, Das Kryslallreich. Izd. 
Akad. Nauk, Leningrad, 1926. 

20 A. K. Boldyrev, Mtm. soc. russe mineral., 53,251 (1925) (Russian text, French sum¬ 
mary). 

21 A. K. Boldyrev and W. W. Doliwo-Dobrowolsky, Z. Krist., A93, 321 (1936). 
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An interesting feature of the Boldyrev tables is that the data obtained by x-ray 
methods have been incorporated. Angles have been calculated from the absolute 
unit-cell dimensions for a few faces, even though such faces might never have 
been found. This will permit the determination of a crystal occurring with faces for 
the first time. 
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A 

Abbe-Pulfrich crystal refractometcr, 939 
Absolute manometer, 169 

for measuring very low vapor pressures, 

195 

Absolute measurements, accuracy com¬ 
pared to comparative measurements, 

123 

in physicochemistry, definition, 123 
Absolute viscosity, 328 
Absorption, of light, by crystals, 962 
Absorption coefficient, 952,957 
Absorption figures, acute bisectrix, 956 
of colored crystals, optical arrangement, 
955 

conoscopic, of colored crystals, 969 
obtuse bisectrix, 956 
optic axial, 955 
Absorption index, 952,957 
Absorption method, disadvantages in con¬ 
nection with ultracentrifuge, 647 
Accommodation coefficient (calorimetry), 

771 

Acetic acid, cryoscopic constant, 92 
Acetone, crystallization from, 913 
Achromatic objective, 852 
Acicular habit, 921 

Activated adsorption of gases on solids, 
816, 817 

Activity of solvent, definition, 489 
Acute bisectrix, 902,927,931 
absorption figures, 956 
Addition, heat of, 841 
Adhesion, 360 
liquid-solid, 480 

Adhesion plate, pull on (tensiometry), 412 
Adiabatic calorimeter, 826 
Adiabatic method (calorimetry), 747 
Adsorbed molecule of gases, area occupied, 
476 

Adsorbed water, effect on weight, 268 
Adsorption, heat of, 815 
of gases on solids, 815 
by multilayers, 464 


Adsorption isotherm, 468 
Afterperiod (calorimetry), 743 
Agitation (solubility), 311 
Ahrens prism, 907 
Air, dissolved, effect on density, 255 
efTect on m.p., 86 

Air bubbles, elimination in densitometry, 

290 

Air-driven ultracentrifuge. See Ullracen- 
trifuge, air-driven. 

Alcohol, crystallization from, 914 
use in thermometers, 10 
Allochromatic minerals, 962 
“Alphatron,” low-pressure manometer, 
167 

use in vapor pressure measurements, 173 
Alternating current thermometer bridges, 
use in temperature control, 43 
Aluminum block in microscopy, 883 
Amplification of bridge output for record¬ 
ing temperature, 18 

AnalyzeKs). 878,902 

Anatase. See Titanium dioxide. 

Andrcae dilatometer in densitometry, 295 
Andrcae pycnometric method in densi¬ 
tometry, 292 
Aneroid calorimeters, 741 
Angle(s), Barker, 1022 

classification (crystallochemistry), 1022 
constant, law of, 987,1018 
of contact (tensiometry), 364 
coordinate, 1019 
extinction, 920 

interfacial, of crystals, 998, 1018 
interzonal, 1018 
optic axial, determination, 948 
Angle centrifuge, sedimentation process in, 
672 

.Angle truncation, largest, principle of, 1027 
Angular moment for laminar flow of a 
Newtonian liquid, 340-341 
Angular velocity of rotating solution, 704 
Animal membranes and parchment paper. 
511-512 
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Anisotropic (optically) crystals, 897 
Anisotropic liquid, 890 
Anorthic system. See Triclinic system. 
Antibodies, ultracentrifuge studies, 713 
Antoine equation, 212 
deviations in tensimeter measurements, 
187 

modified, 208, 215 

for vapor-pressure-temperature rela¬ 
tion, 205 

Aperture, numerical, 853 
Apochromatic objective, 852 
Apparent molal heat, 819, 820 
Apparent molar volume and precision den¬ 
sity methods, 254 
Archimedes principle, 278,291 
Area, of films, 441,444 
molecular, 428, 458 
Area-film pressure diagrams, 456,458 
Area-surface potential diagrams, 458 
Area-surface pressure curves, 431 
Arithmetic-harmonic rule (crystallog¬ 
raphy), 1013 

Association, effect on freezing point, 56 
effect on viscosity, 348 
Atmospheric pressure, effect of elevation, 
145 

Automanometer, use in boiling-point appa¬ 
ratus, 180 

Automatic indication and recording of 
temperature, 17 
Average pore diameter, 499 
Avogadro constant, 704 
Axes, optic, dispersion, 908 
primary, 901 
secondary, 901 

Axial angles, optic, determination, 948 
Axial plane (crystallography), 1005 
dispersed, crossed (microscopy), 909, 
910 

Azeotrope, water, contamination of fore¬ 
runs by, 126 

Azo dyes as indicators for solvents of crys¬ 
tallization, 893 

B 

Balance, film. Sec Film balance. 

Balanced column method (densitometry), 
285,295 

Balancing in ultracentrifuge, 663 


Barbour-Hamilton falling drop method 
283 

Barger isothermal distillation method, 542 
Barker angles, 1022 

Barker method (crystallochcmical analy¬ 
sis), 1020 

Barometers, compensated, 146 

mercury, for vapor pressure determina¬ 
tions, 143-155 

Barometric corrections in vapor pressure 
determinations, 144 

Barometric measurements, standard con¬ 
ditions, 145 

Barometric pressure, error due to air flow 
146 

Bath, for calorimeter, 824 
for m.p. determinations, 75 
Bath liquids, densities, 201 
high-temperature, for m.p. determina¬ 
tions, 76 
Batonnets, 892 

Beams-Pickcls air-driven sedimentation- 
velocity ultracentrifuge, 651 
Becke-Klein magnifier, 924 
Becke lens, 881 
Becke line, 933 

Beckmann apparatus, modified, for con¬ 
struction of binary systems, 88 
modified for cooling curve determina¬ 
tions, 70 

errors in determinations with, 88 
Beckmann method (cryoscopy), 92, 93 
Beckmann thermometer, 4,9 
precautions, 127 
use in precise measurements, 9 
Benford substage illuminator, 857 
Benzene, cooling curve for determining 
f.p., 73 

cryoscopic constant, 92 
in purity determination of isopropyl 
alcohol, 131 

Benzene solutions, f.p. molecular weights, 
95 

Benzoic acid, f.p., 3 

reference substance in calorimetry, 808 
Berek compensator, 930,944 
Berek prism, 960 
Berek slit microphotometer, 958 
Berl block, 78 

Bertrand lens, 879, 880,923 
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Biaxial crystals, 899 
Biaxial interference figures, 92G 
Bicapillary pycnometer, 2GG, 267, 295 
Bicentric-type condenser, 862 
Bimetallic elements, use in temperature 
control, 41 

Binary f.p. diagrams, method of obtaining 
data, 90 

Binary mixture(s), cooling curve, 89 
f.p., 87 

phase diagram, 58 
viscosities, 348 

Binocular microscope, inclined, 854 
Biot quartz wedge, 943 
Bireflection, 960 

Birefringence^), of apochromats, 852 
determination, 942 
disappearance at m.p., 885 
dispersion, 908 

computation from spectrogram, 945 
principal, 942 

Bisectrix, acute, 902, 927,931 
acute, absorption figures, 956 
obtuse, 902,927,931 
absorption figures, 956 
Blood, pathological sera, ultracentrifugc 
studies, 713 

Bodenstein quartz spiral manometer, 166, 
173 

Body tube of microscope, 851 
Boiling bell in b.p. apparatus, 178 
Boiling point, definition, 108 
determinations, 176 

Boiling-point apparatus, for reduced pres¬ 
sure measurement, 177 
National Bureau of Standards, 116, 117 
Boiling-point mcthod(s), precision, 180 
for vapor pressure determinations, 175- 
180 

Boiling temperature, definition, 108 
dependence on pressure, 132 
determination, 107-140 
isobars of mixtures, 109 
of pure preparations, 127 
relation to bubble point and clew point, 
176 

of water under different pressures, 124 
Boldyrev method (crystallochemistry), 
1037 

Bolometers, 13 


Boltzmann constant, 430 
Boltzmann relation, and diffusion correc¬ 
tions, 569 

for free diffusion, 559, 560 
Bond(s), double, effect on surface poten¬ 
tial, 456 
energies, 788 

Borneol, cryoscopic constant, 92 
“Bound” water, determination, 804 
Boundary sharpening, 568 
Bourdillon method of layer analysis, 570- 
572 

Bourdillon osmometer, 526, 527 
Bourdon gages, use as direct-reading 
manometers, 166 
use as null instrument, 166 
use in vapor pressure measurements, 
166,167, 173 

Bravais law, 987,989, 1035 
Bright-field illumination in microscopy 
861 

a-Bromonaphthalene, data for refract o- 
metric use, 936 
use in mountants, 918 
Bubble(s), expansion, 397, 398 
pressure in, 399 
in tensiometry, 403, 404 
Bubble point, relation to boiling tempera¬ 
ture and dew point, 176 
Bubble-pressure method, 363, 364, 396, 
400 

precautions, 405 

Bulb volume, changes in mercury ther¬ 
mometers, 5 

Bull’s eye condenser, use in microscopy, 
859 

Bumping, prevention in boiling-point 
determinations, 177 
Bunsen calorimeter, 750 
Buoyancy methods (densitometry), 278. 
291 

Burton mercury manometer, 161, 162 
Butyl acetate, data for refractometric use, 
937 

Butyl phthalate as absorbent, 913 
n-Butyl phthalate, data for rcfractometric 
use, 936 

c 

Calorie, definition, 735 
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Calorific value of explosives, 791 
Calori meter (s), adiabatic, 747 
aneroid, 741 
bomb, 741,791 
copper block, 782 

energy of immersion of powder, 407 
for elevated temperatures, 753 
flow, 705, 707, 768 
heater, 737,776 
ice, 750 

isothermal, 750 
jacket, 742 

temperature of, 749, 794 
labyrinth flow, 752 
liquid, 741 
liquid ammonia, 752 
liquid nitrogen, 752 
for low temperatures, 751,700 
nonisothermal, 741 
for photochemical processes, 753 
receiving, 781 
twin, 749 

Calorimetric measurements during melt¬ 
ing process, 74 

Calorimetric thermometers, 5 
Calorimetry, 731-845 
bomb, 741,791,794 

calibration, experimental importance, 
752 

flame, 799, 800 

thermodynamics, 733, 745, 754, 771, 
781, 786, 796, 804, 815, 819, 836, 843 
Camphor, cryoscopic constant, 92 

d- and /-mixtures, m.p. of, 04 
Cannon viscometer, 332 
Cap analyzers, use with ordinary monocu¬ 
lar microscope, 85S 
Capillary (ies), calibration, 308 
filling of, 74 
for in.p., 74 

Capillary constant, 362 
Capillary depression, for barometer cis¬ 
tern, 153 

corrections, tables for, 151, 152, 154 
effect of tube bore, 153 
Capillary forces, effect in mercury barom¬ 
eters, 145, 154 

Capillary height method, 362,304 
apparatus, 360 
correction for capillary, 308 


Capillary method, of determining “tlmw- 
points,” 87, 88 

for melting temperatures, 74-78 
Capillary pycnometer, 295 
Capillary viscomctry, 331, 333, 334, 336 
Carbon, heat of format ion, 790 
Carbon dioxide, solid and gaseous, equi¬ 
librium temperature as reference tem¬ 
perature, 4 

Carbon monoxide hemoglobin, sedimenta¬ 
tion photograph, 627 
Cnrdioid-typc condenser, 802 
Carter-Record osmometer, 533 
Cartesian diver, 281 

Cartesian inanostat, use* in vapor pressure 
measurements, 171 

(k*ll(s), multiple (crystallography), 001 
simple (crystallography), 990 
unit (crystallography), 989, 991, 1019 
Cell selector, use in ultracentrifuges, 055 
Cclloidin, 503 

Cellophane as source of cellulose mem¬ 
branes, 507 

Cellulose, change of properties (osmotic 
pressure), 509 
storing, 509 

Cellulose membranes, preparation and prop¬ 
erties, 507 

Central illumination, immersion method 
932 

Centrifugal differential equation, 645 
Centrifugal field, motion of particle in, 625 
Centrifugal filtration tube with standard 
taper ground joint, 100 
Centrifuge, preparative, 670-673 
Centrifuge method in densitometry, 295 
Centrifuging, separation from mother 
liquors by, 98 

Characteristic curve of photographic ma¬ 
terial, definition, 876 
“Chattering,” avoidance, 40 
Chemical constitution, relation to vis¬ 
cosity, 328 

Chemical reactions, heat of, 828 
Chemisorption, 816,817 
Cholesteric type of mesomorphs, 891 
Chromel P to alumel thermocouples, 19 
Chromic acid, cleaning solution, 269 
Circles in stereographic projection, 1001 
Circuit, thermoregulator (solubility), 310 
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Clack refrnclomctric method for measur¬ 
ing diffusion, 008-4310 
Claesson diffusion cell, 56G-567 
Classification angle, 1022 
Clausius-Clapeyron equation, relation to 
ra.p. determination, 52 
Cleavage, crystalline, 919 
Clerici stage refractometer, 940 
Coating lenses, use in microscopy, 861 
Coaxial cylinder viscometer, 340-343 
Cohen and Bruins method of layer analy¬ 
sis for measuring diffusion, 601 
Cohesion, 360 
Cold stage, 885 

Collodion membranes, preparation anil 
properties, 503-506 
Colloid(s), distribut ion curves, 673 
surface, 356 

Color(s), change with dispersed extinction. 
921 

and constitution, 963 
interference, 902 
anomalous, 906 
Colorimetry, calibration, 794 
Color scale, Newton, 906 
Color translation in microscopy, 870 
Columnar habit, 921 
Combustion, in bomb calorimetry, 795 
heats of, 783, 784, 790, 791 
Combustion data, corrections, 795 
estimation of errors, 801 
Comparative measurements, accuracy com¬ 
pared to absolute measurements, 123 
of b.p. method of determining vapor 
pressure, 185-187 
in physicochemistry, 123 
Comparison element of •temperature con¬ 
trol systems, 30 

Comparison fusion slide (microscopy), 916 
Compensated barometers, 146 
Compensating prism, Berek, 960 
Compensator(s), 881, 930, 942-944 
Complex (crystallography), 1032 
Complex formation, heat of, 818 
Compressibility, 430, 432 
isothermal, 258 

Concentration, and density, 260 
expressions for, 259 

of solution, correction used in ebulliom- 
etry, 116,133 


Concentration-distance curves, 627 
“Concentration reference scale,” 576 
Concentric opaque illuminators, use in 
microscopy, 859, 860 
Condensation temperature, 116 
definition, 108 
determination, 107-140 
of liquids during rectification, 124 
measurements, head for, 116 
use, 107 

Condenser, substage (microscopy), 852 
Condenser changing in microscopy, 856 
Conduction, minimizing thermal linkage 
by,742 

Conductivity, thermal, 770 
Cone of illumination, opt imal, 85G 
Configuration (crystallography), 1032 
Congruous melting point, 61 
Conoscope (microscopy), 878, 921 
Conoscopic absorption figures of colored 
crystals, 955 
Conoscopic field, 928 
Conoscopic interference figures, 922 
of colored crystals, 969 
Constancy of angles, law of, 987, 1018 
Contact goniometer, 997 
“Contact method” for determining f.p. of 
binary mixtures, 87, 88 
Contact potential of multilayers, 464 
Continuous control(s), 30, 33 

comparison with on-off controls, 39 
Continuous control devices, 42 
Contrast, of photographic material, defi¬ 
nition, 876 

Control systems, block diagram, 30 
classification, 30 
nonlinear, 38 
sensitivity, 37, 39, 40 
Control thermometers, 30 
Cooling curves, 57, 60,92, 806 
apparatus, 72 
for binary mixture, 89 
determination, 70 
for determining f.p. of benzene, 73 
effect of impurities, 807 
melting temperatures from, 70 
Coordinate angles, 1019 
Copper-Advance thermels, 20 
Copper bar (for hot stages), 79, 884 
Copper block calorimeter, 782 
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Copper block (in.p. determination), 78, 884 
Copper to constantan thermocouples, 19 
Coppcr-constantan thcrmels, use, 20 
Cottrell ebullioscope, 112 

comparison with other types of ebullio- 
scopes, 138 
use, 134 

Cottrell lift pumps, 1 13 
Couettc viscometer, 341. See also Coaxial 
cylinder viscometer. 

Coulometcr, measurement of energy with, 
738 

Counter(s), impulse, 738 

Cox chart, determination of intersection 

points, 220 

use in vapor pressure studies, 224 
Cox equation, 215 

for vapor pressure-temperature rela¬ 
tion, 200 

Cox method for estimating critical con¬ 
stants of normal paraffins, 240 
('ritei ion of purity and specific heat, 759 
( ritical angle of total refraction, 939 
Critical constants of normal paraffins by 
the Cox method, 240 

Critical pressure, estimation, 235, 230, 239 
Critical properties, estimation (vapor 
pressure), 233 

Critical temperature, estimation, 235, 230, 
237 

Critical volume, estimation, 234,237 
Cryometric determinations, sensitivity to 
moisture, 128 

C’ryoscopic molecular-weight determina¬ 
tion, 92 

Crystal(s), biaxial, 899 

colored, conoseopic abruption and inter¬ 
ference figures, 955,970 
examination, 882,969 
microscopy, 951 
microspectrograph for, 970 
preparation, 900 
reflecting power, 900 
vertical illumination, 971 
density, variation in, 280 
determinative tables for, 1037 
double reflection, 900 
geometrical drawing, 1004 
liquid, 83, 84, 890 
measurement, 997 


Crystal(s) ( contd .) 
mixed, in.p.,03 
mode of describing, 1014 
mounting, 918,999 
nature, 984 

optically negative, 929 
orientation for refractomctry (micros¬ 
copy), 930 

perfect, definition, 755 
plcochroic, optical phenomena, 953 
separat ion by centrifugation, 99 
small, examination, 880 
transparent, optics, 895 
uniaxial, change of sign, 910 
positive and negative, 898 
Crystal classes, 895, 993 
32 point groups, 993 
Crystal cleavage (microscopy), 919 
Crystal edges, 988 
Crystal faces, 980 

Crystal form, determination, 983-1015 
Crystal growth rate, 989 
Crystal habit, 8% 

Crystal lattice, 984 
Crystalline state, 983 
Crystallization, 97,914 
comparative, effect of impurities, 916 
by cooling, 914,967 
by diffusion method, 968 
by dilution with nonsolvent, 914, 968 
bv evaporation, 913,967 
from melt, 915 

purification by slow fractional freezing, 
102 

rueemie and "quasiracemic” compound 
formation, 66 
rate, 71 

by salting out, 914 
solvent of, 893 
from solvents, 913,967 
by sublimation, 914 
technique, 97,913,966 
Crystallochemical analysis, 1017-1039 
Crystallographic microscopy, 850 
Crystallograpliic protractors, 1004 
Crystallography, determinative index, 
1022 

geometrical, 1012 
laws, 987 

Crystal symmetry, 994 
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Crystal systems, 893, 895, 994, 996, 1024 
distribution of crystalline substances 
among, 1034 
Crystal zone, 998 
Cubic centimeter, definition, 255 
Cubic planes, 1020 

Cubic system, 895, 991, 992, 995, 1011 
Curve-fitting techniques, examples, 217 
Cylindrical diffusion cell, 567 
Cylindrical lens method (Svensson) for 
diffusion measurement, 589 

D 

Damped oscillation, effect of, 36 
Dark-field illumination in microscopy, 849, 
861 

Davidson gravitometer, 285 
D.-c. bridge, use in temperature control, 
43 

“Dead space,” compensation in ebulliom- 
eter, 133 

Decomposing solids, m.p., 80, 81 
solubility, 317 

Degree of freedom (phase rule), 298 
Degree of purity, of isopropyl alcohol, de¬ 
termination, 131 
of liquids, determination, 128 
Delay time, relation to phase shift, 32 
Dcnaturation, heat of, 829 
Dennis bar, use in m.p. determinations, 81 
Dennis-Shelton m.p. apparatus, 78 
Densitometer, electromagnetic, 280 
Densitometry, buoyancy methods, 278 
elimination of occluded mother liquor, 
290 

sample calculation, 275, 290 
solid samples, 286 

standard liquids for calibration, 256 
Deusity(ies), absolute, 254 
calculations, 272 
change with concentration, 260 
corrections for buoyant effect of air, 273 
definition, 254 
determination, 253-296 
effect of dissolved air, 255 
of impurities, 258 
of pressure, 258 

and heat capacity of thermometric liq¬ 
uids, 10 

interconversion, 256 


Density (ics) ( conld .) 
of multilayers, 463 

of photographic image, definition, 876 
precision methods, 254 
relative, 254 
units, 254 

use for isotope analysis, 261 
limitations, 261 
vapor correction, 274 
of water, standard, 255 
Density gradient tube, 281 
Density measurement, of fine powders, 288 
methods for increasing accuracy, 294 
Determinative index (crystallography), 
1022 

Developer, fine grain, 876 
Dew apparatus, molecular, for vapor pres¬ 
sures below one micron, 197 
Dew point, relation to boiling temperature 
and bubble point, 176 
Diaphragm(s) in microscopy, 881, 923 
Dichroism, 951,952 
measurement, 959 
of mesomorphs, 892 
Dichroscope, 954 

Diethyl phthalate as calorimetric liquid, 
824 ‘ 

Differential apparatus, for determining 
molecular weight by ebulliometric 
method, 133 
for ebulliometry, 118 
Differential densitometry, accuracy, 266 
Differential diffusion coefficient, 553 
Differential ebulliomctcr, 118, 119 

for molecular-weight determination, 119, 
121 

with standardized dimensions, 118, 119 
Differential manometer, National Bureau 
of Standards, 167 

Differential measurements, use of Wheat¬ 
stone bridge for, 15 

Differential thermometer for ebulliometric 
determinations, 113 

Differential twin calorimetric method, 825 
Diffraction disk, use in phase contrast 
microscopy, 864 

Diffraction plate, use in phase contrast 
microscopy, 864 
Diffusion, definition, 552-619 
of electrolytes, 615 
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Diffusion ( conUl.) 
experimental methods, 501-016 
cylindrical lens (Svensson), 580-591 
electrical conductance (Haskell), 573- 
575 

(Ilarned), 001-004 
float (Gerlach), 572-573 
interferometric (Gouv), 591-594 
layer analysis (Ilourdilion), 570-572 
(Cohen-Bruins), 001 
light-absorption (Svodlwrg), 575-57G 
microcolori metric (Forth), 596-599 
microreflectometric (Zuber), 599-GOO 
photometric (Eversole), 576-578 
porous-diaphragm (Xorthrup-Anson), 
604-608 

rellcctometric scale (Littlewood), 594- 
596 

rcfractomctric (Clack), 608-610 
ref rac tome trie scale (Lamm), 579-586 
Schlieren-scanning (Longsworth), 
586-589 

frame of reference, 553,558 
free, 555 

and frictional coefficient determination, 

553 

in gels, 010-615 
electrical methods, 613 
layer analysis method, 611 
Optical methods, 613 
steady-state method (Patrick and 
Allan), 614 
and gel structure, 554 
and heterogeneous reaction rates, 553 
and ionization of colloidal particles, 553 
in liquids, 502-610 
and membrane permeability, 554 
and molecular weight determinations,617 
and particle size determination, 553 
and porosity studies, 554 
restricted, 556 
rotary, 552 
self-, 552 

and separation of materials in solution, 

554 

and solution rate studies, 553 
steady-state, 557 

and theory of electrolytic solutions, 554 
translational, 552 

Diffusion apparatus (ultracentrifuge), 664 


Diffusion cells, 562-569 
Diffusion coefficicnt(s), 552 
computation, 554 
by interferometric method, 593 
Diffusion constant, relation to sedimenta¬ 
tion constant, 030 
from sedimentation rate data, 694 
Diffusivity, determination, 551-619 
Dilatometers, 276,295 
thermometer type, 27G 
weight type, 270 

Dilution(s), in calorimetry, long chord, 820 
in calorimetry, short chord, 820 
heat of, 817,819 
Dilution cup, 822 
Dimorphism, 88G, 888 
Dioxane, cryoscopic constant, 92 
Dipoles, effect on multilayers, 401, 404 
Dipping (monolayers), 402, 403 
Dispersed, crossed, axial plane, 909, 910 
Dispersed extinction, 921 
Dispersion, of bifringence, 908 
of birefringence, computation from spec¬ 
trogram, 945 
determination, 942 
crossed, monoclinic, 909 
horizontal, monoclinic, 909 
inclined, monoclinic, 909 
of indices, differential, 908 
monocliuic, 909 
optical, 907 
of optic axes, 908 

of optic axial angles, determination, 948 
orthorhombic, 908 
of refractive index, 907 
triclinic, 910 

Displacement mcthod(s) (densitometry), 
287 

Dissociation, effect on f.p., 57 
effect on viscosity, 348 
heat of, 788 

Dissolved air, effect on f.p., 55 
Distillation, isothermal, methods, 542, 543 
Distillation curve for reasonably pure ben¬ 
zene, 125 

‘'Distorted” crystals, 896 
Distortion(s), in crystallography, 895 
lattice, effect on solubility, 313 
Distribution curves, calculation, 070 
calibrating wedge, 674 
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Distribution curves ( contd .) 

of collofcls and suspensions, 673 
photometering, 676 
Diver, Cartesian, 281 
Dodecahedral planes, 1020 
Donnan membrane equilibria, 404 
Donnay-Harker law, 988 
Double bonds, effect on surface potential, 
456 

Double reflection (crystals), 960 
Drop, falling (densitometry), 283 
hanging, profile of, 371 
ideal, 374 
shape, 372 

Drop oscillation method (tensiometry), 
412 

Drop weight, in tensiometry, 362, 364, 
373, 376 
apparatus, 375 

Drop-weight-volumc method at inter¬ 
faces, 378 

Dubrovin gage mercury manometer, 159, 
160, 161 

Du Nofly tensiometer, 391 

Du Nofly torsion balance, 383 

Duplex films and monolayers, 427-485. 

See also Film(s). 

Dupr6 frame, 357 

Dyes, preparation of crystalline salts, 967 
Dynamic-equilibrium method of osmotic 
pressure measurement, 515 
Dynamic isomerism, 83, 889. See also 
Tautomerism. 

"Dynamic” methods for vapor pressure 
measurements, 176 

E 

Ebulliometers, 113-124 
Ebulliometric apparatus, comparison, 138 
Ebulliometric determinations, compared to 
tonometric measurements, 122 
sensitivity to moisture, 128 
Ebulliometric standard, water as, 123 
Ebulliometry, accuracy of temperature 
measurements required, 135,138 
avoidance of need for pressure deter¬ 
mination, 127 

causes for variations in vapor composi¬ 
tion, 135 


Ebulliometry (contd.) 

correction for concentration of solution, 

116, 133 

intensity of heating, 116 
moisture traces, difficulty in removing, 
130, 136 

molecular weight determination, 183 
vapor pressure determination, 137 
volatility of solute, 135, 136 
water as primary standard, 123, 124 
Effective density of a particle, 026 
Effective temperature of surroundings, 746 
Effusion apparatus for measuring very 
small vapor pressures, 193 
Effusion manometer for very small vapor 
pressures, 195 

Elastic helix (densitometry), 279 
Electrical calibration (calorimetry), 736, 
794 

Electrical conductance diffusion appa¬ 
ratus, 574 

Electrical conductance method for measur¬ 
ing diffusion, of Ilarncd, 601 
of Haskell, 573 

Electrical energy, measurement, 736 
Electrical methods of measuring diffusion 
in gels, 613 

Electrical power, varying, integration of, 
739 

Electrical resistance thermometers for im¬ 
proving accuracy of temperature read¬ 
ings, 135 

Electric charges, source of errors in weigh¬ 
ing, 269 

Electric stop clock, 738 
Electric vector, of light, 896 
Elect rode, polonium, 453 
Electrodensitometer, 281, 295 
Electrolytic solutions and diffusion, 
theory, 554 

Electromagnetic densitometer, 280 
Electronic relay for temperature control, 
41 

Electron microscope, 850 
in organic chemistry, 979 
principle, 972 
RCA, 974 

Electron microscopy, 971 
limits of microtome sections, 977 
polyvinyl formal technique, 978 
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Electron microscopy ( conld.) 
preparation of specimens, 974 
replica techniques, 977 
shadow technique, 851, 976 
supports for, 975 

Ellipsoid frictional resistance (ultracentri¬ 
fuge), 639 

Elongation, sign of (microscopy), 921 
Emergent stem, nomograph for correction, 

6 

Emersion, total energy of, 481 
Emulsion for mixing (solubility), 31 1 
Enantiotropism, 82 ,886,891 
Energy, free surface, 356 
increase in (calorimetry), 734 
Energy of adhesion, 484 
of some compounds, 360 
Energy of cohesion of some compounds, 360 
Energy of emersion, 484 
Energy of separation of a liquid from crys¬ 
talline solid surface, 484 
Enlarger, precision, 874 
Enthalpy, 358 
Entropy, evaluation, 754 
of formation, 756 
standard, 785 
of vaporization, 815 
Enzymes, ultracentrifuge studies, 715 
Equilibrium constant, calculation from 
free-energy change, 757 
Equilibrium in solubility measurements, 
307 

"Escaping tendency,” 489 
Ethylacetanilide, crysocopic constant, 92 
Eutectic temperature, 60,61 
Evaporation in calorimetry, prevention, 
793 

thermal leakage by, 742 
Eversole photometric method of diffusion 
determinations, 576 
Expansion, thermal, 257 
Expansion thermometers, 24 
Explosive substances, m.p., 85 
Exposed stem correction on mercury ther¬ 
mometers, 7 

Exposed stem temperature, estimate of 
average, 7 

Exposure, definition, 876 
Extinction, types (microscopy), 920 
Extinction angle, 920 


Extinction modulus, 957 
Extinction position of crystal, 904 
Extraction equilibria (solubility), 301 
Extraordinary ray, 898, 899 
Extrapolation method (calorimetry), 834 
Eyepiece, 851,944. See also Ocular. 

focusing crossweb, 883 
Eyepiece dichroscope, 954 

F 

Faces, equivalent (crystallography), 1020 
Falling ball viscometer, 336-340 
Falling drop method (densitometry), 283, 
295 

Fats, in complex films, 459 
m.p. determination, 86 
Fedorov method (crystallochemistry), 
1036 

Fedorov universal shape, 919 
Feedback amplifiers, 31 
Fick equation, 552,561 
related to porous-diaphragm problem, 
607 

Fick laws, 554 

Filling tube for pycnometers, 270 
Film(s). See also Monolayer(s) and 
Multilayers. 

area, definition and determination, 441, 
444 

complex, 459 

decrease of free surface energy, 479 
duplex, 427-485 
heat of transition, 432, 433 
interaction of different molecules, 459 
mixed, additivity, 458 
monomolecular nature, checking of, 446 
plastic, 451 
spreading, 444 
spreading pressures, 463 
surface potential, 428, 431, 451 
viscosities, 447-451 
Film balance, 428,429,433 
horizontal float, 438 
jack for, 384 

as microanalytical tool, 459 
vertical, 428,434 
adaptability, 437 
recording form, 436 
Film pressure, 430 
on solids, 465-485 



SUBJECT INDEX 


1051 


Pilter(s), heat absorbing, 885 
light, 882, 969 

neutral density, for microscopic work, 
858 

Fisher-Davidson gravitometer, 285 
Fisher-Johns m.p. apparatus, 79 
Fisher refractometer, 941 
Fixed points, basic, of International Tem¬ 
perature Scale, 2 

of various gas, liquid, and solid systems, 
2,3 

Flame calorimetry, 799 
Flare, lens (microscopy), 852, 970 
Flask pycnometers, 265 
Fletcher optical indicatrix, 897 
Float, suspended, 279 

Float method (Gerlach) for diffusion de¬ 
terminations, 572 

Flotation, free (densitometry), 279, 280, 
291 

temperature of, 281 
Flotation method in densitometry, 295 
Flow calorimeter, 765, 767, 768 
Flow method in calorimetry, 764, 827, 832 
Fluidity of liquid, definition, 329 
Fluorescence microscopy, 849, 867 
light sources, 867 
usefulness, 868 
Fluorite objectives, 852 
Foreperiod (calorimetry), 743 
Form (crystals), 919,1020 
Form birefringence, 858 
Fouling of mercury, avoidance, 40 
Four-plane zone, 1027 
Fractionation by salting out, 301 
Frame of reference (diffusivity), 553, 558 
Free diffusion, 555 
Free diffusion cells, 562 
Free diffusion methods, 569 

cylindrical lens method (Svensson), 589 
electrical conductance method (Has¬ 
kell), 573 

float method (Gerlach), 572 
interferometric method (Gouy), 591 
layer analysis (Bourdillon), 570 
light-absorption method (Svedberg), 
575 

microcolorimetric method (Fiirth), 596 
microreflectometric method (Zuber), 599 
photometric method (Eversole), 576 


Free diffusion methods ( contd .) 

reflectometric scale method (Little- 
wood), 594 

refractometric scale method (Lamm), 
579 

Schliereu-scanning method (Longs- 

worth), 586 
Free energy, 357 

of formation (calorimetry), 785 
Free flotation (densitometry), 279, 280, 
291 

Free radicals, 57 
Free surface energy, 356, 360 
decrease by a film, 479 
Freezing, slow fractional, as method of 
purification, 102 
thermodynamics, 52 

Freezing-point(s), apparatus (Mair, Glas¬ 
gow, and Rossini), 73 
of benzene, cooling curve for determin¬ 
ing, 73 

of benzoic acid, as secondary standard 
temperature, 3 
of binary mixtures, 87 
classification and selection of methods, 
103 

constants, 91, 92 

definition, 50, 57 

deviation from ideality, 55 

effect of compound formation, 56, 61 

effect of dissolved air, 55 

equation, 52, 90 

lowering by impurities, 53 

precision apparatus for determining, 72 

semimicro- and microtechniques, 96 

and solubility, 306 

Freezing-point curves from mixtures of 
optical isomers, 66 

Freezing-point depression, molecular 
weight determination, 90 
molecular weight determination, appa¬ 
ratus and technique, 92 
in benzene solutions, as affected by 
concentration, 95 

for liigh molecular weight compounds, 
95 

sources of error, 93 

Freezing-point diagrams, 56, 58, 60, 61, 
62, 63, 89 
binary, 90 
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Freezing temperatures, determination, 49- 
105 

Free zone (crystallography), 1028 
Frictional coefficient, determination (dif- 
fusivity), 553 

Frictional constant, molar, of proteins, 704 
Frictional effect in molecular dissymmetry, 
Svedberg correction, 617 
Frictional resistance of ellipsoid (ultra¬ 
centrifuge), 639 
Fugacity, 489 

Fuoss-Mead osmometer, 534 
Furth diffusion cell, 562 
Fdrth microcolorimetric method of dif¬ 
fusion measurement, 596 
Fusion curves, 809 
Fusion method (crystallization), 916 
Fusion slide, comparison (microscopy), 916 

G 

Gages, vapor pressure, 155-172 
Galvanometer suspensions, 22 
Galvanometer-photocell amplifier, 16 
use in thermometry, 23 
Gamma of photographic material, defi¬ 
nition, 876 

Garcid micromethod for determining va¬ 
por pressure, 202 
Gas constant, 704,799 
Gaseous osmometer membranes, 499 
Gas pressure, determination, 469 
Gas reactions (calorimetry), 839 
Gus-saturation method (vapor pressure 
determination), 180-185 
Gay-Lussac pycnometer, 265 
Gel structure and diffusion, 554 
Gelatin, ultracentrifuge studies, 716 
Gelatin membranes, 510 
grading effect , 510 

Geometrical crystallography, significance, 
1013 

Geometrical elements of lattice, 1005 
Geophysical Laboratory Method, second 
(calorimetry), 745,746 
Gerlach float method of diffusion deter¬ 
mination, 572 
Gibbs free energy, 357 

Gibbs phase rule, 298 

Gibling system of parachor calculations, 
420 


Glan-Thompson prism, 906 
Glass, cleaning, 269 
formation, 890 

Glass membranes and metallic foils, 512 
Glazcbrook prism, ‘M)6 

Gnomonic projection, 1001, 1002 , 1003 
Gold, solid and liquid, fixed points of, 3 
Goniometers, stage, 950 
types, 998 
Goniomctry, 997 
microscopic, 1019 
Gouttes a grading, 892 

Gouy interferometric method of diffusion 
measurements, 591 

Gradient tube method iu densitometry 
295 

Grandjean terraces, 892 
Gravitoineter, falling drop, 284 
Fisher-Da vidson, 285 
Gravitomctry. See Dcnsity(ieg), deter¬ 
mination. 

Grazing incidence (microscopy), 860 
Great circles (crystallography), 1001 
Greenough binocular microscope, 854 
Ground joints, use in ebulliometers, 120 

II 

Habit, acicular, 921 
columnar, 921 
in crystallography, 895 
Hagen-Dcsains equation, 366 
llaidinger dichroscope, 953 
Half-solidification point, 807 
Half-sura method (Fuoss-Mead) for os¬ 
motic pressure measurement, 514 
“Halt,” 59,60 

Ilammick-Andrew rule for parachor pre¬ 
dictions, 424 

Hanging drop method, 364,370 
Harmonic zone, 1027 

Hass-Newton method, use in vapor pres¬ 
sure studies. 227 
Haiiy law, 987,1036 
Haiiy-Bravais lattice, 1036 
Haiiy-Bravais law, 987 
Heat, absorption at constant pressure, 735 
absorption at constant volume, 734 
distribution (calorimetry), 742 
Heat absorbing filter (microscopy), 885 
Heat content(s), molal, apparent, 819, 820 
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llcat capacity, 741,753 
at constant pressure, 7G4 
at constant volume, 770 
and density of thermometric liquids, 10 
determination, 760 
at elevated temperatures, 780 
estimation, 759 
of liquids, 772 
at low temperatures, 764 
during melting process, calorimetric 
measurements, 74 
at moderate temperatures, 764 
molal, apparent, 820 
partial, 820 

reduction to ideal gas state, 771 
of solids, 757, 779 
of solutions, 772 
of water, 775 
Heat contcnt(s), 358 
molal, partial, 819 
relative, 819,820 
Heat exchange, 742 
correction for, 743 

Heat-flow method (calorimetry), 842 
Heat of addition, 841 
Heat of adsorption, 815 
Heat of chemical reactions, 828 
Heat of combustion, 783, 791 
of homologous series, 790 
tables of data, 784 
Heat of complex formation, 818 
Heat of denaturation, 829 
Heat of dilution, 817, 819 
Heat of dissociation, 788 
Heat of formation, 783, 828 
of carbon, 790 
of carbon dioxide, 784 
of elements in standard states, 790 
tables of data, 785 
of water, 784 
Heat of freezing, 803 
Heat of fusion, 54, 802, 803, 806 
Heat of hydrogenation, 828 
Heat of immersion, 485 
Heat of ionization, 830,831 
Heat of isomerism, 788,790, 843 
Heat of mutarotation, 830 
Heat of neutralization, 830 
Heat of polymerization, 841 
Heat of rapid reactions, 750,831 


Heat of reaction, 787, 828 

change with temperature, 754 
direct determination, 787 
indirect determination, 843 
and reaction mechanism, 829 
Heat of slow reactions, 834 
Heat of solution, 817 
Heat of sublimation, 790 
Heat of stirring, 742 
Heat of transition, 802, 811 
in films, 432, 433 
Heat of vaporization, 802, 812 
calculation, 246 

evaluation from vapor pressures, 814 
Heating, intensity in cbulliomctry, 116 
Heating curves, 57, 806 
apparatus, 72 
effect of impurities, 807 
schematic, 59 

Heating rate, effect of melting point, 81, 
884 

recommended (microscopy), 884 
Heating stage, 883, 891 
Heavy water, molar volume, 261 
in tap water, 256 

Helium volumenometer in densitometry, 
295 

Helix, clastic (densitometry), 279, 295 
Helmholtz free energy, 357 
Hemocyanin, sedimentation photograph, 
693 

Henglein equations for expressing vapor 
pressure data, 216 
Henry law, 303 
Hepp osmometer, 537 

n-Heptane, data for refractometric use, 
937 

Hershberg m.p. apparatus, 77 
Herzog correlation for estimating critical 
properties used in vapor pressure stud¬ 
ies, 235 

Herzog method for parachor, 242 
Hess law, 733 

Heteroazeotrope, transformation by pres¬ 
sure increase, 111 

Heteroazeotropic mixtures of two liquids, 
108, 109,110,111 

Heterogeneous reaction rates and diffusion, 
553 

Hexagonal lattice, 990 
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Hexagonal system, 895, 991, 992, 995, 
1009,1025 

Hickman method for measuring very small 
vapor pressures, 187 
Hickman oil manometer, 165 
Hickman tcnsimetcr-hypsomcter, 188 
High polymers, chain length per unit, 726 
f.p. depression method, 95 \ 

melting temperatures, 86 
separation (solubility), 305 
shape factors, 728 
solubility, 305 
ultracentrifuge studies, 718 
viscosity-molecular weight relation¬ 
ships, 350,351 

High-speed, oil-turbinc, sedimentation- 
velocity ultracentrifuge, 657 
rotor, 657,658 

High-speed response and mercury ther¬ 
mometers, 27 

Iligh-vacuum gages, use in vapor pressure 

determinations, 167 
Hildebrand rule, 815 

Hnizda float for prevention of bumping in 
b.p. determinations, 177,178 
Iloepplcr viscometer, 338,339,340 
Homoazeotropy, 110 

Homoiizeotropic mixtures of two liquids, 
108, 109,110 

Homologous series, in.p., 67 
Horizontal float balance, 438 
Hormones, ultracentrifuge studies, 715 
Hot stages, 78 

for microscopes, 79, 883,884,891 
Huggins equation, relating viscosity and 
concentration of high polymers, 352 
Hydrocarbon chain, diameter, 428 
Hydrogen, heat of formation, 790 
Hydrogen bonding, effect on molecular 
interaction, 361 
Hydrogenation, heat of, 828 
Hydrometers, 280 

Hydroscopic organic liquids, vessel for pre¬ 
cision measurement, 279 
Hydrostatic weighing method (densitom¬ 
etry), 278,279,295 

Hydroxyl group, effect on cohesion and ad¬ 
hesion, 361 

Hygroscopic liquids, handling in densitom¬ 
etry, 270 


Hygroscopic solids (densitometry), 288 
Hygroscopic substances, m.p., 86 
Hypsometer for b.p. measurement, 188 

I 

Ice and air-saturated water, fixed points 
2 

Ice calorimeter, 750,751 
Ideal gas state, reduction of heat capacity 
to, 771 

Ideal solvent, solubility curve in, 53 
Idochromatic minerals, 962 
Ignition, correction for (calorimetry), 795 
Illium (bomb calorimetry), 792 
Illumination, bright-field, in microscopy 
861 

dark-field, in microscopy, 849,861 
at grazing incidence, in microscopy, 859 
860 

immersion methods (microscopy), 932 
933 

of microscope, 856 
principles, 855 

vertical (microscopy), 860, 971 
Illumination cone, angle, 852 
Image, virtual, location, 852 
Image distance, correction for, 852 
Immersion liquids (densitometry), 287 
Immersion liquids (microscopy), 934, 936 
Immersion liquids (refractometry), 938 
Immersion refractometry, 932 
Immune sera, ultracentrifuge studies, 713 
Impulse counter, 738 
Inclined binocular microscope, 854 
Inclined interfaces, effect on plane of po¬ 
larization, 897 

Incongruous melting point, 61 
Indene, cryoscopic constant, 92 
Index of refraction. See Refractive, inder. 
Indicator particles (solubility), 321 
Indicatrix, optical, Fletcher’s, 897 
Indices, Miller, 986,987,1021 
Infrared microscopy, 850, 871 
Integral diffusion coefficient, 553 
Interaction constant (Huggins), 492, 493 
Interaction of molecules of nonbonded 
atoms, 829 

Intercepts (crystallography), 986,987 
Interface, definition, 356 
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Interfacial angles (crystallography), 998 : 
1018 

for identification, 1004 
Interfacial tension, 355-426 
choice of method, 363 

determination with small quantit.es, 382 
drop-weight-volume method, 378 
rapid method, 382 
of various compounds, 360 
Interference colors, 902 
anomalous, 906 

of thin crystals, 911 
Interference figures, biaxial, 927 
centered, 929 

conoscopic, of colored crystals, 969 
formation, 922 
optical arrangement for, 955 
displaced, 929 
optic normal, 926 
uncentered, 929 
uniaxial, 925, 926 
Interference microscopy, 850,866 
Interferometric method (Gouy) of dif¬ 
fusion measurement, 591 
Intermolccular forces and solubility, 303 
International Temperature Scale, 2 
interpolation, 3 
Interzonal angle, 1018 
Intrinsic viscosity, 331 
calibration, 727 

polymers, chain length per unit, 726 
a-Iodonaphthalenc, data for refractomct- 
ric use, 936, 937 

Ionization, of colloidal particles, and dif¬ 
fusion, 553 
heat of, 830, 831 

Ionization gages, for low-pressure manom¬ 
etry, 167 

use in vapor pressure measurements, 173 
Iron to constantan thermocouples, 19 
Isentropic expansion, 770 
Isogyres, 928 

Isomerism, dynamic, 83, 889 
heat of, 788,790,843 

Isomers, structural and geometrical, m.p. 
relationships, 69 

Isomorphism, effect in comparative crys¬ 
tallization (microscopy), 916 
Isopropyl alcohol, determination of degree 
of purity, 131 


Isoteniscope, modified, 174 

use in vapor pressure measurements, 173 
Isotherm, adsorption, determination, 408 
Isothermal calorimeters, 750 
Isothermal distillation method, of Barger, 
542 

of Schwarz-Signer, 543 
Isotope analysis, use of densit y, 261 
Isotopes, standard compounds suitable for 
densimetric analyses, 262 
Isotropic crystals, optically, 897 
Iterative methods, use in vapor pressure 
calculations, 222 

J 

Jack, for balance, 384 
Jelley-Fisher refractometcr, 941 
Jclley microrefractometer, 941 
Jclley microspcctrograph, 944,970 
Johannsen com|>ensator, 881 
Johannscn lens, 92-1 
Johannsen-Phcmister method, 950 
Johannsen wedge, 944 
Joulcmeter, 739 
Joule, international, 735 
Joule-Thompson coefficient , 766,772 
Jullander osmotic balance, 522 

K 

Keenan-Keyes steam tables, use in vapor 
pressure studies, 243 
Kinematic viscosity, 329 
Kirchhoff law, 755 
Knudsen gage (manometry), 169 
Kuudsen method for effusion measure¬ 
ments, 193 

Kodachrome adapter, 874 
Kofler contact method, 894, $17 
Kohler method of illumination, 855 
Kohlrausch hydrostatic weighing method, 
278 

Kopp law, 759 

L 

Labyrinth flow calorimeter, 752 
“Lag,” of heating element, 309 
of regulator, 40 

Lag errors in mercury thermometers, 8 
Lamm cylindrical diffusion cell, 507 
Lamm diffusion cell, 563 
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Lamm equation, solutions of, 645 
Lamm rcfractomotric scale method of dif¬ 
fusion, 579 

Lamm scale method, 017, 648 
in sedimentation velocity measurements 
631 

refractive index method, 656 
Langmuir gage, for low-pressure manom¬ 
etry, 168 

Laplace equation, 370 
Large-angle truncation, 1027 
Latent heat of changes, 432, 433 
Latticc(s), crystal, 985 
definition, 985 
geometrical elements, 1005 
Hauy-Bravais, 1036 
morphological, 1036 
plane, 985 
space-, 985 

Lattice cells, sett ing, 991 
Lattice distortions, effect on solubility, 313 
Lattice lines, 988 
Lattice planes, 985,986 
Latt ice symmetries, 993, 995 
Latt ice systems, 991 
Lattice types, 994 
Laue symmetries, 996 
Laws of dilute solution, applicability, 625 
Layer, monomolccular. See Monolaycr(s). 
Layer analysis method, of Bourdillon, for 
measuring diffusion, 570 
of Cohen and Bruins, for measuring dif¬ 
fusion, 601 

for measuring diffusion in gels, 611-613 
Lead, freezing point of, 4 
Leakage, thermal, 742 
Leakage modulus (calorimetry), 742 
Leitz-Jelley microrefractometer, 941 
Lcitz ortholux research microscope, 857 
Lens(es), 879,880, 881, 923,924 
Lens flare (microscopy), 852,970 
diminution, 861 

Lieberkiihn illuminator, use in microscopy, 
859 

Lift pump, Cottrell, 113 
Light, absorption by crystals, 962 
monochromatic, 882, 947,969 
polarized, 896 
use in microscopy, 858, 885 
ultraviolet, precautions, 869 


Light ( contd.) 

velocity, and refractive index, 897 
vibration planes, 896 

Light-absorption diffusion apparatus, 575 
Light-absorption method, optical system 
656 

of Svcdborg, for diffusion determina¬ 
tions, 575 

Light filtcr(s), 882,9G9 
Light-scattering method for molecular 
weight determinations, limitations 
623 

Light sources, 855 
for microscopy, 882,969 
for ultraviolet microscopy, 869 
Lindcck method for measurement of ther¬ 
mocouple potential, 22 
Linderstrpm-Lang apparatus for densitom¬ 
etry, 282 

Linear temperature control systems, 33 
Liquid(s), anisotropic, 890 
degree of purity, 128,130 
heat capacity, 772 
above boiling points, 778 
surface or interfacial tension, 363-413 
volatile. See Volatile liquid*. 

Liquid ammonia calorimeter, 752 
Liquid baths. See Balk liquids. 

Liquid calorimeters, 741 
Liquid condensed phase, 431 
Liquid crystals, 83,84,890 
Liquid crystal clarification point, use in 
molecular weight determination, 85 
Liquid expanded phase, 431 
Liquid mixtures, classification, 108 
Liquid nitrogen calorimeter, 752 
Liquid phase reactions (calorimetry), 841 
Liquid state, theory, 328 
Liquid-vapor equilibria temperatures, pre¬ 
cision, 108 

Littlewood reflect ometric scale method of 
diffusion measurements, 594 
Long chord dilutions in calorimetry, 820 
Longsworth Schlieren-scanning method of 
diffusion measurements, 586, 588 
Low-pressure manometers, 167 
Low-speed equilibrium ultracentrifuge cell 
and rotor, 653 

Low-speed ultracentrifuge, speed control, 
656 
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Low-speed ultracentrifuge ( conld.) 

with direct motor drive, G51 
Lubricating oils, oxidized, multilayers of, 
4G3 

M 

Magnetic float, 280, 295 
Magnification, 851, 852, 882 
Magnifier, Beckc-Klein, 924 
Mallard constant, 949 
Mallard method, 949 
Manomcter(s), 143-172 
absolute, 169 

for very low vapor pressures, 195 
for low vapor pressures, 167, 189 
mercury. See Mercury manometers. 
oil, 164-165 
Manometry, 143-172 
at elevated temperatures, 155 
standard conditions, 145 
Manostat(s), 516 
calibration, 127 
continuously recording, 517 
use in vapor pressure measurements, 170 
Materials, separation in solution, and 
diffusion, 554 
Maximum work, 358 

McLeod gage mercury manometer, 160, 
163-164 

for measuring very low vapor pressures, 
190 

use in vapor pressure measurements, 173 
Median line (crystals), 902 
Meissner-Hedding correlations for esti¬ 
mating critical volume, 234 
Meissner-Hedding method for parachor, 

241 

Melatopes, 927 
Melting, thermodynamics, 52 
types of decomposition during, 81 
Melting point(s), anomalous, 82 
bath for determination, 75 
of d- and /-camphor mixtures, 64 
of colored substances, 85 
congruous, 61 

as criterion of purity, 51, 54, 55 
of decomposing substances, 80, 81 
definition, 50, 57 
dependence on rate of heating, 81 
effect of air, 86 


Melting point(s) (conld.) 
of explosive substances, 85 
of fats, 86 

of homologous series, 67 
of hygroscopic substances, 86 
incongruous, 61 
lowering by impurities, 53 
microscopic determination, 79, 883 
mixed, 79 
abnormal, 80 
of mixed crystals, 63 
of oxidizable materials, 884 
precision required, 51 
preparation of samples by crystalliza¬ 
tion, 97 

relationships of compounds of similar 
structure, 69 
of solid solutions, 63 
of volatile substances, 86 
of waxes, 86 

Melting-point methods, classification, 103 
guide for selection, 103 
Melting process, calorimetric measure¬ 
ments during. 74 
Melting range, 65 
Melting range diagram, 65 
Melting temperatures, capillary method. 
74-78 

from cooling curves, 70 
effect of very high pressures, 50 
and freezing temperatures, determina¬ 
tion, 49-105 
of high polymers, 86 
and molecular constitution, 67 
Melts, undercooling and supersaturation 
of solutions. 313 

Membranes, animal, and parchment paper, 
511-512 

area-cell volume ratios for various 
osmometers, 520 

cellulose, preparation and properties, 
507 

collodion, preparation and properties, 
503 

retentivity, 502 
gelatin, 510 

glass, and metallic foils, 512 
with graded porosities, preparation, 504 
permeabilities, 499 
and diffusion, 554 
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Membranes ( conld.) 
porosity, 499, 505 
potentials, measurement, 497 

rubber, 51 1 

semipermenbility, theories, 500 
solid, use in osmometers, 499,519-540 
Meniscus, effect in determination of sur¬ 
face tension, 301 
improving of, 154 
mathematical analysis of shape, 150 
protection in ultraccntrifuge, 661 
Menzies-Wright cbulliometcr, 112, 114 
comparison with other types of ebullio- 
scopes, 139 

Mercuric iodides, refractive index of 
solutions, 938 

Mercury, capillary constant, 150, 154 
contact angle, 150 
density, 148 

error due to capillary depression, 150 
purification, 155, 257 
spectral lines, 882, 969 
unsymmetrical meniscus, 150 
Mercury arc, 882 

Mercury barometers, use in vapor pressure 
measurements, 143-155 
Mercury lamp(s), 882 
Mercury manometers, types, 155-164. 
See also Manometers. 
use in vapor pressure determinations 
113-155, 190 
Mercury regulators, 40 
Mercury thermometers, changes in bulb 
volume, 5 

exposed stem correction, 6, 7 
high-speed response, 27 
lag errors, 8 

and low thermometer heat capacity, 27 
pressure effects, 5 
radiation errors, 8 
Mercury-in-glass thermometers, 4 
Merwio solution, 937 
Mesoform, 890 

Mesomorph(s), cholesteric, 891 
dichroism of, 892 

differentiation between types, 892 
nematic, 890, 892 
rotatory power, 891 
smectic, 890, 892 
Mesomorph ism, 890 


Mesomorphism ( contd .) 
enantiotropic, 891 
lyotropic, 890 
monotropic, 891 

thermal, influence of structure, 892 
thermotropic, 890 
Metallic reflection, 960 
Metal-shadowing technique in electron 
microscopy, 851, 976 
Metastable form (crystals), 888 
Methanol, crystallization from, 913 
Methylene iodide, data for refractomotrv 
936 

Mica plate, quarter-wave, 880, 881 
Michel Uvy method, 949 
Microbomb (calorimetry), 794 
Microcalorimcter, 825 
Microcolori metric method (FUrth) of 
diffusion measurement, 596 
Microdiffusiomcter, 598 
Micromanomctcr, 161, 162 
Micromethod(s), in freezing point meas¬ 
urements, 96 
in refractometry, 939 
in solubility, 315-316 
and semi micro methods of determining 
vapor pressure, 198 
Microphotomcter, Berek slit, 958 
Microreflectometric method (Zuber) of 
diffusion measurement, 599 
Microrefractometers, 939-941 
Microscope(s), 851-854, 878-883 
biological, 852 
chemical, 880, 881 
electron, 850 
inclined binocular, 854 
petrographic, 878 
protection, 856 

setting up by Kohler system, 855 
transmission electron, 971 
use for m.p. determination, 79, 883 
use for observing films, 446 
Microscopy, 847-981 
applications, 849 
bright-field, 861 

concentric opaque illuminators, 849 
crystallographic, 850 
dark-field methods, 849, 861 
electron, 971 
fluorescence, 849, 867 
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Microscopy (“"ff); 
with incident light, 858 
infrared, 850, 871 
light sources, 882, 969 
interference, 850, 866 
phase-contrast, 849, 863 
with polarized light, 858, 885 
source of light, 855 
spot lamps used, 849 
“thaw-point” determination, 88 
of thermal phenomena, 850, 883 
with transmitted light, 854 
preparat ion of objects, 854 
ultramicroscopic methods, 849, 861 
ultraviolet, 849, 869 
use of incident illumination, 849 
use of transmitted light, 849 
use of vertical illuminators, 849, 860, 
971 

Microspectrograph, 944, 970 
Microsynthetic method for solubility, 318 
Microthermal analysis, 893 
Milk proteins, ultracentifuge studies, 711 
Milliliter, definition, 255 
Mixed crystals, m.p., 63 
Mixed melting points, 79 
abnormal, 80 

Mixing chamber (flow calorimetry), 833 
Mixing devices (calorimetry), 822 
Mixing experiments (calorimetry), cor¬ 
rections, 824 

Mixture(s), heat capacity, 759, 772 
method of (calorimetry), 769, 778, 780, 
781 

theory, 821 

Mobility curve, slope in vicinity of Iso¬ 
electric point, 704 
Mohr-Westphal balance, 278, 295 
Moisture, in ebulliometry, difficulty in 
removing traces, 130, 136 
Molal heat capacity, 820 
Molal heat content, apparent, 819, 820 
partial, 819 
relative, 819, 820 
Molar frictional coefficient, 626 
Molar frictional constants of proteins, 704 
Molar volume, 259 

and precision density methods, 254 
Molecular area, 428 

Molecular compounds, formation, effect on 
m.p., 56, 61 


Molecular compounds ( contd .) 

heat of formation, 818 
Molecular constants of proteins, 704 
Molecular dew apparatus for vapor pres¬ 
sures below one micron, 196, 197 
Molecular dissymmetry, frictional effect, 
Svedberg correction for, 617 
Molecular weights), calculations, 626 
calculations, assumptions for nonideal 
systems, 631 
effect on solubility, 323 
extrapolation, 94 
f.p. of constants, 92 
number average, 491, 637 
relation to sedimentation constant, 637 
relation to viscosity, 328, 349 
of solute, 489 

variation with distance in sedimentation 
equilibrium, 644 

Molecular weight determinations, ab¬ 
solute values from ultracentifuge 
techniques, 718 
cryoscopic method, 92 
by ebulliometric method, 133 

differential ebulliometer for, 118, 119, 
121 

simple ebulliometers for, 134 
by equilibrium method, 646 
from film area, 428 
from f.p., 90-97 

in benzene solutions as affected by 
concentration, 95 
sources of error, 93 

nomograph for routine estimation from 
osmotic pressure data, 531 
by osmotic method, limitations, 623 
from sedimentation and diffusion meas¬ 
urements, 617 

Molecular weight distribution, methods 
for calculating, 646 
curve for cellulose acetate, 689 
ultracentifuge measurements, 673 
Molecular weight-viscosity relationship 
of high polymers, 351 
Moment, angular, for laminar flow of a 
Newtonian liquid, 340-341 
Monochromatic light, 882, 947, 969 
Monochromatic pyrometry, 25 
Monochromators, 947 
Monoclinic dispersion, 909, 910 
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Monoclinic system, 895, 991, 995, 1007, 
1026, 1028 

Monodisperse systems, sedimentation ve¬ 
locity, G25 

Monolayer(s). See also Pilm(s). 
collapsed, appearance, 446 
and duplex films, properties, 427-485 
complete, number of molecules in, 474 
orientation of molecules on solid 
surface, 483 
rigidity, 447 
thermodynamics, 430 
viscosity, 447 
Monotropism, 82, 886, 891 
Morphological lattice, 1036 
Mounting, of crystals, 918, 999 
Multijunction thermocouple, 19 
Multilayers, as adsorbents, 464 
density, 462 

dimensions of molecules in, 465 
effect of dipoles, 461, 464 
of pH on deposition, 460 
method of deposition, 462 
properties and uses, 464 
on solids, 459 
types, 460 

Multiple cell (crystallography), 991 
Multiplying mercury manometer, 160 
Mumford and Phillips, parachor, 419, 424 
M tin del mercury manometer, 158 
Mutarotation, heat of, 830 

N 

Naphthalene, in cryoscopy, 53, 56, 57, 58, 
63, 94 

reference substance in calorimetry, 808 
National Bureau of Standards ebulliom- 
eler, 139 
Neeol, 503 

Nematic state, 890, 892 
Neurath diffusion cell, 564 
Neutral density filter for microscopic work, 
858 

Neutralization, heat of, 830 
Newton color scale, 906 
Newton law, 742, 806 
Newtonian liquid, definition. 330 

moment (angular) for laminar flow, 
340-341 


Nickel, use in resistance thermometers 11 
42 ’ ’ 

Nicol prism(s), crossed, 903 
parallel, 903 

Nitrobenzene, cryoscopic constant, 92 
Nitrogen, heat of formation, 790 
liquid (calorimetry), 752 
Nonadditivit v, of bond energies, 790 
of parachor, 790 
Nonisothermal calorimeters, 741 
Nonpolar solvents, 303 
Nonprincipal refractive indices, 938 
Normal pattern (crystallography), 1021 
Northrup and Anson porous-diaphragm 
method for measuring diffusion, 604 
Nujol emulsion distribution curve, cal¬ 
culation sheet, 678 
Nullpunkts volumina, 259 
Number average molecular weight, 491 
637-638 

Numerical aperture, 853 
Nyquist plot for temperature control sys¬ 
tem, 34 

() 

Objective(s), microscope, 851, 852 
Object slide in microscopy, 854 
Oblique extinction, 920 
Oblique illumination, immersion method, 
933 

Obtuse bisectrix, 927,931 
absorption figures, 956 
Occlusion, effect in recrystallization, 98 
Octahedral planes, 1021 
Ocular, 944. See also Eyepiece. 

Wright universal, 943 
Oil(s), lubricating, oxidized, multilayers 
of, 463 

Oil and water circulation systems for 
ultracentrifuge, 662 . 

Oil manometers, 164-165 
Oil-turbine ultracentifuge, 657-664 
Olefins, heat of addition of halogens to, 840 
Oleic acid, use as “piston oil,” 462 
On-off controls), 30, 38 
comparison with continuous controls, 39 
devices, 40 

Optical diffusion apparatus (Littlewood), 
595 

Optical dispersion, 907 
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Optical indicative, Fletcher’s, 897 
Optical lever in mercury manometers, 
disadvantage of, 158 

Optical methods of measuring diffusion 
in gels, 613 

Optical orientation of crystals, 931 
methods of changing, 919 
Optical properties and molecular struc¬ 
ture, 912 

Optical pyrometry, 25 
Optically negative and positive crystals, 
929 

Optic axes, 901 
dispersion, 908 

Optic axial absorption figures, 955 
Optic normal figure, 926, 927 
Optic normal sections, 956 
Optics of transparent crystals, 895 
Order of reflection of transitions, 432 
Ordinary ray, 898, 899 
Organic liquids, use in thermometers, 12 
Organic solvents, prevention of evapora¬ 
tion in ultracentrifuge, 661 
Orientation, of crystal, 930 
optical, 931 

methods of changing, 919 
of setting (crystallography), 1024 
Ortholux research microscope, 857 
Orthorhombic dispersion, 908 
Orthorhombic system, 895, 991, 995, 
1008, 1025 

Orthoscopic examination, colored, 969 
of crystals, 878 
transparent, 919 
Oscillation, 34 

Osmometers, using gaseous membranes, 
540 

using solid membranes, 519 
Osmometry, evaluation and applications 
of corrections, 517-519 
thermoelectric, 546 
Osmotic balance, 521, 522 
Osmotic coefficient, 497 
Osmotic method of molecular weight 
determinations, limitations, 623 
Osmotic pressure, determination, 487-549 
measurement, by dynamic-equilibrium 
method, 515 

by half-sum method of Fuoss and 
Mead, 514 


Osmotic pressure ( contd.) 
range, 488 

by static-elevation method, 512 
nomograph for routine estimation of 
molecular weight from, 531 
reduced, dependence on concentration, 
491 

thermodynamic, definition, 489 
Ostwald ripening, 313 
Ostwald viscometer, 331, 332, 336 
Overdevelopment (crystallography), 1023 
Overflow trap (tensiometry), 366 
Oxygen, heat of formation, 790 
liquid and gaseous, fixed points, 2 

P 

Parabolic reflectors, use in microscopy, 859 
Parachor, 241,413 
anomalies, 423 

atomic and structural constants, 418 
calculation from atomic and structural 
values, 415 

effect of temperature, 415 
of some isomers, 418 
sensitivity to impurities, 416 
strain constants, 418 
strain factors, 419 

use in determination of structure, 422 
Parachor correlation of Mumford and 
Phillips, 418 
Paracrystal, 890 
Paraffins, use as bath liquid, 76 
Parallel extinction, 920 
Parametral plane, 1005 
Parlodion, 503 

Partial immersion thermometers, 8 
Partial molal heat, 819 
Partial specific volume, of a particle, 625 
of proteins, 704 

Particle size(s), calculation, 616 
determination and diffusion, 553 
distribution curves, from sedimenta¬ 
tion curves, 679 

ultracentrifuge measurements of, 673 
effect on solubility, 312 
Pathological sera of blood, ultracentrifuge 
studies, 713 

Patrick-AUan steady-state method of 
measuring diffusion in gels, 614 
Pattern, normal (crystallography), 1021 
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Pendant drop, photographing of outline, 
408 

shape, 409 

Pendant drop method, 370, 405 
advantages, 407 

Pendulum in Hickman’s tensimeter-hyp- 
someter, 189 

Pendulum tensimeter, 188 
Pentane, use in thermometers, 10 
n-Pentane as reference compound in 
vapor pressure studies, 243 
Perfect crystal, definition, 755 
Person-Kirchhoff law, 755 
Petrographic microscope, 878 
Phase(s), distinction of, 320 
liquid condensed, 432 
liquid expanded, 431 
types, 431 

Phase-change calorimeters, 750 
Phase-contrast microscopy, 849, 863 
Phase diagram, binary systems, 58 
Phase plate for phase-contrast micros¬ 
copy, 864 
Phase rule, 298 

Phase shift, relation to delay time, 32 
Philippoff viscometer, 332 
Phillips ionization manometer, 167 
PhilpotrSvcnsson Schlieren method, for 
use in ultracentrifuge cell, 648 
“Phlegmatic” liquids, distillation, 180 
high-boiling, errors encountered in dis¬ 
tillation of, 187-188 
Phosphoric acid as bath liquid, 76 
Photochemical processes, calorimeter for, 
753 

Photometer, micro-, Bcrek slit, 958 
Photometric diffusion apparatus (Ever- 
sole), 576, 577 
Photomicrography, 850, 871 
simplified, optical principle in, 873 
and ultraviolet microscope, 869 
Piczothermometric method (calorimetry), 
778 

Pipette for .spreading films, 445 
Pipette pycnometer, 286, 295 
Pirani gage, calibration, 169 
for low-pressure manometry, 169 
for vapor pressure measurement, 173 
Piston oils, pressures, 464 
use, 462 


Planck’s law and Wien’s expression, 25 
Plants) (crystals), 1020,1021 
axial, 1005 
parametral, 1005 
of polarization, 896 
effect of inclined interfaces, 897 
Plane lattice, 985 
Plane structure, 985 
Plastic film, 451 
Platinizing of quartz plates, 917 
Platinum resistance thermometers, 10 
Platinum to platinum-rhodium thermo¬ 
couples, 19 

Platinum-rhodium thermocouple, 3 
PLAWM trough, 435 
Pleochroic crystals, optical phenomena 
953 

Pleochroism, 951, 952 
Point densities (crystallography), 987 
Poiscuille equation, corrected for capillary- 
end effects, 333, 334 
Poisson equation, 366 
Polanret microscope, 865 
Polar groups, effect on film formation, 457 
Polar solids, 361 
Polar solvents, 303 

Polar substances, entropy of vaporization 
815 

Polarization, plane of, 896 
Polarized light, 896 
in microscopy, 858, 885 
Polarizers, 878 
Polarizing filters, 881 
Polarizing prisms, 906 
Polaroid disk polarizers for use on ordinary 
monocular microscope, 858 
Polaroid polarizing filters, 881 
Polaroid variable density filter, use in 
microscopy, 858 

Polydisperse systems, sedimentation 
studies, 629 

Polydispersity, determination, 687 
from sedimentation velocity, 722 
Polymers. S eeHighgolymcxtr—y 
Polymorphism ,*§2, 886, 891 
enantiotropic, 886 
monotropic, 886 

Polystyrene, use in mountants, 918 
Polyvinyl formal technique for electron 
microscopy, 978 
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Pore diameter, average, 499 
Porosity studies and diffusion, 554 
Porous-diaphragm diffusion cell, 605 
Porous-diaphragm method (Northrop and 
Anson) for measuring diffusion, 604 
Porous-disk method of osmometry, 543 
Potassium mercuric iodide, refractive 
index of solutions, 938 
Potassium sulfate in sulfuric acid as hath 
liquid, 76 

Potentials, contact, of multilayers, 464 
thermocouple, 21 

Potentiometer, self-balancing, recording, 
23 

Potentiometric method for measuring 
resistance of a thermometer, 17 
Premelting, 66, 758, 803 
Preparative centrifuge, 670-673 
Pressure, atmospheric, effect of elevation 
on, 145 

constant, of films, 462 
control and measurement in vapor 
pressure investigations, 143-172 
effect on density, 258 

on boiling temperature of mixtures, 
108, 132 

on mercury thermometers, 5 
on transition and melting, 888 
film, 429 

osmotic. See Osmotic pressure. 
surface, 431 

vapor. See Vapor Pressure. 

Pressure regulators, use in vapor pressure 
measurements, 170 

Pressure units, use in vapor pressure deter¬ 
minations, 145 
Primary optic axes, 901 
Primitive cell (crystallography), 990 
Prism(s), 906-908, 960 
Prismatic cell, variant of scale method, 
650 

Projections (crystallography), 1000 
Projection paper, 1004 
Protein(s), diffusion constant, 704 
effect of environment, 701 
molar frictional constants, 704 
molecular constants, 704 
molecular weight calculations from 
sedimentation measurements, 704 
partial specific volume, 704 


Protein(s) ( contd .) 

purity test, 302 
salting out of mixture, 301 
sedimentation constant, 704 
spreading, 446 

ultracentrifugal analysis, 700, 711 
Protractors, crystallographic, 1004 
Pseudobinary system, 83 
Purification, limitations, 130 
by recrystallization, 97, 300 
Purity, of compounds, checking, 763 
of compounds, microscope technique 
for estimating, 894 

cooling and heating curves as criterion, 
805, 809 

effect on solubility, 302, 311, 322 
heat capacity as criterion, 754 
solubility as criterion, 302 
Pycnometer(s), bicapillary, 266, 267, 295 
capillary, 295 
drying of, 269 
filling of, 269 
pipette, 286, 295 
precautions in handling, 269 
stopper, 295 

twin, differential method using, 266 
types, 263-267 
use for solids, 288 
vacuum, 264 
in densitometry, 295 

Pycnometric formulas, fundamental equa¬ 
tion of density, 289 
Pyrometry, radiation, 24-25 

Q 

Quantity centrifuge, 651 
Quartz, adhesion to, 361 
Quarter-wave mica plate (microscopy), 
880, 881 

Quartz plates, platinizing of electrodes, 917 
Quartz wedge (microscopy), 880, 881, 943 
“Quasiracemic” compound, formation dur¬ 
ing crystallization, 66 

R 

Racemic compound, formation during 
crystallization, 66 

Radiation, minimizing thermal leakage by, 
742 
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Radiation errors of mercury thermom¬ 
eters, 8 

Radiation pyromctry, 24-25 
Radicals, free, formation in solution, 57 
Radioactive elements, use for deter¬ 
mining surface potentials of films, 
452, 453 

Ramsay-Young method for vapor pres¬ 
sure determinations, 176 
Ramsden disk (microscopy), 924 
Raoult law, deviations from effect on 
molecular weight determinations, 134 
Rast method (m.p.), 96 
Rast micromethod, modified for deter¬ 
mining molecular weight, 85 
Ray(s), extraordinary, 898, 899 
ordinary, 898, 899 

Rayleigh equation in tensiometry, 366 
Rayleigh mercury- manometer, 157 
Ray-velocity surface, 897 
RCA electron microscope, 974 
Reactions, rate, viscometric measurement 
of, 336 

Recording film balance, vertical, 436 
Recording potentiometers for indicating 
and recording temperatures, 17 
Recrystallization, effect of occlusion in, 98 
purification by, 97, 300 
Reduced viscosity, 330 
Reference. See also Standard(s). 
Reference state of carbon atom (calorim¬ 
etry), 789 

Reference temperatures in thermoelectric 
thermometry, 23 

Reflection in microscopy, double, 960 
metallic, 960 

Reflectometric scale method (Littlewood) 
of diffusion measurements, 594 
Reflectors, use in microscopy, 859 
Refraction, critical angle, 939 
internal conical (microscopy), 901 
Refraction methods, for measuring con¬ 
centration, 647 
optics used in, 647 
Refractive index, 897 
of crystals at boundary, microscopic 
comparison, 917 

dependence on wave length, 907 
dispersion, 907 


Refractive index ( conUi ). 
of immersion liquid, adjustment of, 934 
measurement of, 938 
and light velocity, 897 
nonprincipal, 938 
reference liquids, 936 
standards for, 936 
wave-normal surface, 898,900,908 
Refractometer(s), 938 
micro-, 939 

Refractometric method (Clack) for meas¬ 
uring diffusion, 608 

Refractometric scale method, calculation 
of diffusion coefficient, 583 
(Lamm) of diffusion determinations, 579 
optical system used in, 581 
Refractometry, 930-942 
of liquids, 938 
micromcthods, 939 
of solids, 930 

Regnault-Pfaundlcr method (calorimetry), 
746 

Relative density, 254 
Relative molal heat, 819,820 
Relative viscosity, 330 
Replica technique for electron micros¬ 
copy, 977, 978 

Residual gas in mercury barometers, effect 
of, 145 

errors due to, 149 
Resistance, measurement, 13 
relation to temperature, 11 
Resistance standard, preparation, 736 
Resistance thermometers, choice of ma¬ 
terial, 10, 11 
control devices, 42 
controller, 43 

heating effect of measuring current, 14 
use in temperature control, 41, 44 
Resistor(s) (calorimetry), preparation, 736 
thermally sensitive, 12 
Resonance energy, 791, 829 
Restricted diffusion, 556 
Restricted diffusion methods, 601 
electrical conductance method (Har- 
ned), 601 

method of layer analysis (Cohen and 
Bruins), 601 

Retardation of crystal, 943 
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Reversible viscometer. See Oslwald vis¬ 
cometer. 

Reynolds number, 337 
Rhe, definition, 329 
Rhcochor, definition, 330, 340 
Rhombic system, 991 
Rhombohedral lattice, 990 
Rhombohedral system, 991, 992, 995, 
1010, 1025 

Rigidity of monolayers, 447 
Ring method (tensiometry), 363, 364, 382 
apparatus for measuring ring diameter, 
385 

calculations, 391 
elcaning of ring, 386 
conditions for accuracy, 394 
correction factors, 388, 393 
difficulties, 394 
preparation of ring, 385 
shape of surface, 392 
variation of pull at ring, 387 
Ripening, Ostwald, 313 
Ripple method (tensiometry), 412 
Roberts mercury micromanometer, 161- 
162 

Rolling ball type viscometer, 338, 339 
use with opaque liquids, 340 
Rom6 de l'lsle, law of, 987 
Itosenblum method for determining vapor 
pressure, 201, 202 
Rotary diffusion, 552 

Rotating turret for condenser on micro¬ 
scope, 856 

Rotation(s). See also Rotatory polariza¬ 
tion. 

apparatus for crystals, 919 
of groups, restriction, 759 
Rotatory polarization of mesomorphs, 891 
Rubber membranes (osmometry), 511 

S 

Salting out, 301 
Saturation (solubility), 307 
Saturator, use in vapor pressure deter¬ 
mination, 181 

Scale, in mercury manometers, thermal 
expansion of, 155 

Scale method. See also Lamm and Re- 
fraclometric scale method. 
for sedimentation equilibrium, 684 


Scattering system, relation between ab¬ 
sorption and radius, 630 
Schlieren methods, 647, 649 

in densitometry, 286 

Schlieren-scanning method (Longsworth) 
of diffusion measurement, 586, 588 
Schulz-Wagner osmometer, 528 
multiple applications, 530 
Schwarz-Signer isothermal distillation 

method, 543 

Sections, optic normal, 956 
Sedimentation boundary, 626 
Sedimentation constant, calculation, 694 
intrinsic, 629 

of a particle, 626, 628, 637, 645, 646 
* of proteins, 704 
relation to diffusion constant, 636 
relation to molecular weight, 637 
ultracentrifuge measurements, 673 
Sedimentation curves, 698 
Sedimentation diagram, extrapolation to 
zero concentration, 636 
for monodispersc system, 626 
Sedimentation equilibrium, 641, 679 
of cellulose acetate in acetone, 686, 688 
data, correction of, 719 
effect of solvent, 721 
light-absorption method, 681 
refraction methods, 683 
scale method, 684 
ultracentrifuge methods, 623 
variation of molecular weight with 
distance in, 644 

Sedimentation measurements and molec¬ 
ular weight determinations, 617 
Sedimentation photographs, of carbon 
monoxide hemoglobin, 627 
of monodispersc Limulns hemocyamn, 
693 

Sedimentation velocities), 625-641, 704 
air-driven ultracentrifuge for, 664-670 
distribution, 633, 638 
double maxima of curves, 723 
measurements, 690 
method, in polydisperse systems, 629 
use of standard tabulation charts, 630 
of monodisperse systems, 625 
of nonideal systems, 631 
reference scale for, 695 
shape factors, 638, 725 
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Sedimentation velocity(ics) ( contd .) 

ultracentrifuge methods, 623 
Selected point method for achieving 
straight-line plot (vapor pressure), 
208 

Selenite, first-order-red, 880, 881 
Self-balancing recording potentiometer, 
use in thermometry, 23 
Self-diffusion, 552 

Serum proteins, ultracentrifuge studies, 
711 

• Servo computer, 739 

Sessile bubble method (tensiometry), 411 
Setting (crystallography), 1022 
ambiguities of, 1024 

Shadow technique in electron microscopy, 
851, 976 

Shape factors, calculation, 638, 646 
of polymers, 728 

Short space chord, dilutions in calorimetry, 
820 

Siedeglocke in b.p. apparatus, 178 
Sign, change, in uniaxial crystals, 910 
of elongation of crystals, 921 
optical, determination, 929 
Silver, solid and liquid, fixed points of, 3 
Similitude, principle of, 362, 399 
Simms-Zwemer-Lowenstein osmometer 
539 

Simple cell (crystallography), 990 
Simple magnifier, upper limit of, 851 
Simplest indices (crystallography), 1021, 
1022 

Single-circle goniometer, 998 
Sinker, suspended, 278 
Sintering, 74. See also Premelting. 

Skau apparatus for time-temperature 
curves, 807 

Slit method, use in ultracentrifuge cell, 650 
Slit microphotometer (Berek), 958 
Slit ultramicroscope, 863 
Small circles (crystallography), 1001 
Smectic state, 890, 892 
Sodium mercuric iodide solution, refractive 
index, 938 

Sodium sulfate and its decahydrate, equi¬ 
librium temperature as reference tem¬ 
perature, 4 
Softening point, 66 


Solid(s), determination of surface area 
466, 472 

film pressure, 465-485 
heat capacity, 779 
samples for densitometry, 286 
surfaces, attraction to organic sub¬ 
stances, 465-485 

volatile, in low-speed equilibrium ultra¬ 
centrifuge, 654 

Solidification, half-, point of, 807 

Solid solutions, continuous, 63 
discontinuous, 64 
m.p.,63 

Solid surface, energy of separation of 
liquid from crystalline, 484 
orientation of molecules in complete 
monolayers, 483 

Solubility, accuracy in measurements, 306 
analytical method, 313, 318 
compilations of data, 306 
and compound formation, 304 
as constant gas pressure, 317 
as criterion of purity, 302 
limitations, 303 

of crystalline solids in nonvolatile 
stable solvents, 313 
of decomposing solids, 317 
definition, 298 

dependence on molecular weights (poly¬ 
styrenes), 323 
determination, 297-326 
effect of additional solvents, 312 
of lattice distortions, 313 
of moisture, 312 
and freezing point, 306 
and identification of compounds, 303 
interpretation of results, 321 
of microsamples, 315-316,317 
microsynthetic method, 318 
mutual, of two liquids, 318 
of polymers, 305 
precautions in measurement, 307 
rapid procedure, 315 
sampling, 319 

of stable solids in liquids, 313 
synthetic method, 316 
in study of intermolecular forces, 303 
thermodynamics, 298 
thermostatic methods, 320 
units for expressing, 299 
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Solubility ( contd .) 

variation with particle size, 312 
of very slightly soluble solids, 314 

Solubility curves, 300 

in analysis of mixtures, 322 
for compound formation, 303 
for ideal solvent, 53 
Solubility equilibrium, 298 

factors influencing rate of establishment, 

307 

Solution(s), dilute, law of, 625 
heat of, 817 

heat, capacity of, 759, 772 
rate of, effect of stirring, 308 
for refractometry, 938 
rate, and diffusion, 553 
solid, continuous, 63 
discontinuous, 64 
m.p., 63 

supersaturation and undercooling of 

melts, 313 

two-dimensional, 459 
Solvcnt(s), activity, definition, 816, 817 
of crystallization, 893 
removal, 913 
types, 303 

viscous, solubility in, 315 
Sonstadt solution, 938 
Space lattice, 985 

Spacing, in crystallography, 987, 988 
Specific gravity, 255 

apparatus, 264. See also Pycnometer(s). 
Specific heat and criterion of purity, 759. 

See also Heat capacity. 

Specific viscosity, 330 
Specific volume, partial, of proteins, 704 
Spectrograph(s), micro-, 944, 970 
Spectrum, secondary (microscopy), 852 
Sphere, pull on (tensiometry), 412 
Spot lamps, use in microscopy, 859 
Spreading of proteins, 446 
Spreading coefficient (tensiometry), 361 
Sprengel-Ostwald pycnometer, 266 
Stage, cold, 885 
hot, 78, 883, 891 
mechanical, 882 
rotating, 879 
universal (Federov), 919 
Stage goniometer, 950 


Standard(s), in calorimetry, for heat of 

combustion, 792, 794 
standard entropy of formation, 785 
standard heat of formation, 783 
standard states, 757, 783, 790 
substances for heating and cooling 
curves, 808 

in densitometry, liquids, 256 
mass, 255 
volume, 255 
in refractometry, 936 
in tensiometry, water as standard, 369 
Static-elevation method of osmotic pres¬ 
sure measurement, 512 
Static method for binary f.p. diagrams, 90 
Staudinger equation, modifications, 350 
relating viscosity and molecular weight, 
349 

Steady-state diffusion, 557 
methods, 604-610 

for measuring diffusion in gels 
(Patrick-Allan), 614 
Steam. See Water. 

Steam tables, Kcenan-Keyes, 243 
Stereographic net, 1001, 1002 
Stereographic projection, 1001, 1002, 1023 
Stereoscopic vision in microscopy, 854 
Steric configurations and relationships 
identification from f.p. curves, 66 
Stirring, in calorimetry, 740 
correction for, 795 
heat of, 742 

and rate of solut ion, 310 
Stokes-Einstein equation for calculating 
particle sizes, 616 
Stokes law, in densitometry, 283 
for moving rigid sphere, 336 
Stop clock, electric, 738 
Stopcock lubricant for manometry, 175 
Stopper pycnometer, 295 
Stop watch calibration, 738 
Stormer viscometer, 342 
“Strain factors,” in parachor calculations, 
419 

Structure, molecular, 428, 788, 912 
Sublimation, crystallization by, 914 
prevention, at m.p., 86 
Submerged bullet vapor pressure method, 
199 

apparatus, 200 
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Substage condenser, 852 
Substage illuminator (Benford), 857 
Successive reactions, law of, 888 
Sulfur, liquid and gaseous, fixed points of, 
2 

Sulfuric acid, cleaning solution, 260 
as m.p. bath, 76 
Supercooling, 71, 92 
Supersaturation, 307 
and undercooling of melts, 313 
Surface(s), definition, 356 
of droplets, 356 

and interfacial tension, determination, 
355-426 

solid, attraction to organic substances, 
465-485 

validity of thermodynamic equations 
for, 358 

Surface potential, effect of double bond, 
456 

of films, 428, 431, 451 
Surface tension, 355-426 
determination, choice of method, 363, 
405 

with small quantities, 382 
effect of meniscus, 361 
effect on viscosity, 328 
prediction from parachor, 424 
rapid method, 382 
Schrocdinger equation, 396, 401 
of a solid, 412 
thermodynamics, 357 
of various compounds, 360 
of water, 369 
Suspended float, 279 
Suspended sinker, 278 
Sustained oscillation, effect of, 36 
Svedberg, definition, 628 
Svedberg correction for frictional effect 
in molecular dissymmetry, 617 
Svedberg light-absorption method of dif¬ 
fusion determinations, 575 
Svensson cylindrical lens method of diffu¬ 
sion determinations, 589 
Sweeping mechanism of film balance, 441 
Swelling (solubility), 305 
Swietoslawski ebulliometer, 113 
comparison with other types of ebullio- 
scopes, 139 

Symmetrical extinction, 920 


Symmetries, lattice, 993 
Laue, 996 

Symmetry operations, 993 
Synchronization (calorimetry), 738 
Synthetic method (solubility), 316 

T 

Taylor theorem, 371 

Tautomcrism, 889. See also Dynamic 
isomerism. 

Temperature(s), boiling and condensation, 
determination, 107-140 
control, 29-48, 308 
control of film balance, 442 
commercially available controllers, 48 
control systems, 30-40 
elevated, heat capacities at, 780 
eutectic, 60 ,61 
of flotation, 281 
freezing, determination, 49-105 
jacket, automatic regulation, 749 
liquid-vapor equilibria, precision, 108 
low, calorimeter for, 751, 760 
heat capacities at, determination, 760 
measurement, 1-27 
apparatus, 111 
methods, 26 

thermometer bulb, changes in volume 
of, 127 

melting, determination, 49-105 
relation to resistance, 11 
uniformity, 740 
Temperature amplifier, 32 
Temperature coefficient of expansion, 257 
Temperature of condensation, 176 
Temperature potentials, 15,21-25,26 
high precision measurement, 26 
precautions, 22,24 

Temperature-pressure ratio, dependence 
of boiling temperature on, 132 
Temperature scale, definition, 2 
international, 2 
for low temperatures, 763 
relation to thermodynamic scale, 2 
Temperature standards, secondary, 3 
Temperature-time curves, 71, 805-807 
Temperature-vapor pressure relations, 
203-223 

Tensimeter, use in vapor pressure meas¬ 
urements, 185,188 
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Tensiometer, du Noiiy, 383, 391 
Tensiometry, 355-426. See also Inter - 
facial tension and Surface tension. 
Tetragonal system, 991, 995, 1009, 1024 
“Thaw-points,” capillary method for 
determining, 87 

microscopic technique for determining, 
88 

Thermal analysis, 893 
Thermal conductivity (calorimetry), 770 
Thermal expansion, 257 
Thermal head, 742, 747 
Thermal leakage, 742 
correction for, 795 
Thermel, 19 

homogeneity of wire in, 21 
Thcrmistor(s), 12 

Thermistor gage for low-pressure manom¬ 
etry, 169 

Thermistor thermometer, lag, 12 
Thermocouple(s), 3, 19, 20 
calibration, 23 
galvanometers, choice of, 20 
heat capacity, 20 

for measurement of potential, 20, 21 
simple circuit, 19 
use in temperature control, 41 
Thermocouple gages, use in low-pressure 
manometry, 169 

’ use in vapor pressure measurements, 173 
Thermocouple outputs, amplification, 23 
Thermodynamics, of calorimetry, 731-845 
chemical, “master table” of, 828 
first law, 358, 733 
of melting and freezing, 52 
of monolayers, 430 
of solubility, 298 
of surface tension, 357 
third law, 754 
Thermodynamic scale, 2 
Thermoelectric osmometry, 546 
Thermoelectric thermometry, 18 
Thermometer(s), alcohols in, 10 
calibration, 8-9 
control, 30 

mercury. See Mercury thermometers. 
mercury-in-glass, 4 
partial immersion, 8 
pentane in, 10 
platinum resistance, 3 


Thermometer(s) ( contd.) 

resistance. See Resistance thermometers. 
stem corrections, avoidance, 125 
three-lead, 18 • 

toluene in, 10 
total immersion, 7 
“transposed bridge,” 15 
Thermometer bridge, use in thyratron 
temperature control circuit, 46 
Thermometer dilatometer, 276 
Thermometer lag, dependence on liquid 
used, 10 

Thermometric liquids, 10 
Thermometry, accuracy required in ebul- 
liometry, 135, 138 
at low temperatures, 763 
thermoelectric, 18 

Thermopile in thermocouple construc¬ 
tion, 20 

Thermoregulators, 30 
circuit, 310 
Thcrmostat(s), 309 

arrangement of apparatus, 310, 311 
totally enclosed, for film balance, 443 
Thiele apparatus, 76 
Thoulet solution, 938 
Three-circle goniometer, 998 
Three-lead thermometer, 18 
Three-plane zone (crystallography), 1027 
Thyratron control circuit, 42 
use in temperature control, 43 
Thyratron tube, use in temperature con¬ 
trol, 41 

Time-temperature curves, 71, 805-807 
Timing (calorimetry), 738 
Tin, freezing point, 4 

standard (thermocouple calibration), 
808 

Titanium dioxide, adhesion, 361 
Toepler Schlieren method for sedimenta¬ 
tion rate determinations, 692 
Toluene, use in thermometers, 10 
Tonometry, compared to ebulliometric 
measurements, 122 
water as primary standard in, 123 
Total immersion thermometers, 7 
Total radiation pyrometry, 25 
Translational diffusion, 552 
Transitions, heats of, 802, 811 
order of, 431, 432, 433 
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Transmission electron microscope, 971 
Transparent crystals, microscopy, 913 
preparation, 913 

^‘Transposed bridge” thermometer, 15 
Trap, overflow (tensiometry), 36b 
Trichroism, 952 
Triclinic dispersion, 910 
Triclinic system, 895, 991, 995, 1005, 1031 
Trimethylcarbinol, cryoscopic constant, 92 
Trouton rule, 815 

Truncation, principle of largest angle, 
1027 

Twin calorimeter, 749,776 
Twin calorimetric method, 825 
Twinning (crystallography), 895,896 
multiple, 896 
polysynthetic, 896 
Twin pycnometer method, 266 
Twins, 896 
cyclic, 896 

Two-circle goniometer, 998 

u 

Ubbelohde viscometer, 331, 332 
Ultracentrifugal analysis of proteins, 700 
Ultracentrifuge, air-driven, 664-673 
applications, 623, 624, 699 
basic requirements, 650 
determinations with, 621-730 
equilibrium, use of, 624 
high-speed, oil-turbine, sediment at ion- 
. velocity, 624, 657 
low-speed, 024,651 
optical methods of measurement, 047 
preparative air-driven, 624 
principle of, 023 
separation, efficiency of, 071 
speed measurement, 663 
standard types, 651 

Ultracentrifuge cell, optical systems used, 
047 

Ultracentrifuge method(s), cell require¬ 
ments, 624 
limitations, 024 

protection against oxidation, 624 
and sedimentation equilibrium, 023 
and sedimentation velocity, 623 
solvent requirements, 624 
Ultracentrifuge studies, of antibodies, 713 
of enzymes, 715 


Ultracentrifuge studies (amid.) 
of gelatin, 716 
of hormones, 715 
of immune sera, 713 
of milk proteins, 711 
of organic high polymers, 718 
of pathological sera, 713 
of scrum proteins, 711 
of viruses, 715 

Ultramicroscopc, arrangement for films 
446 

slit, 863 

Ultramicroscopic methods in microscopy 

m, 861 

Ultraviolet light, precautions in usine 
869 

Ultraviolet microscope, light sources for 
809 

Ultraviolet microscopy, 849, 869 
Uncertainty bands, 209, 212, 218 
Uncertainty interval (calorimetry), 802 
Undercooling, 806 

Underdevelopment (crystallography), 
1023 

Uniaxial crystals (microscopy), 898 
Uniaxial interference figures (microscopy) 
925, 926 

Universal stage, Federov, 919 
"Utropak,” use in microscopy, 860. 
U-tube, closed-end mercury manometer 
156 

open-end mercury manometer, 156 

V 

Vacuum, correction to (calorimetry), 796 
and hydrogen system for ultracentri¬ 
fuge, 662 

test in mercury manometer, 157 
Vacuum gage(s), high-, in vapor pressure 
determinations, 167 
vibrating quartz fiber, 168 
Vacuum pycnometers, 264, 295 
Van der Waal s’ adsorption of gases on 
solids, 815 

Vapor composition in ebulliometry, causes 
for variations in, 135 

Vapor correction in density calculations, 
274 

Vaporization, entropy of, 815 
heat of, 246, 802,812,814 
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Vapor pressure, definition, 142 
determination(s), 141-251 

by b.p. methods, 175 , 
by ebulliometric method, 137 
comparative measurements, 185 
gas-saturation method, 180 
with mercury barometers, 143-155 
with mercury manometers, 143-155 
micro and semimicro methods, 198 
estimation, from meager data, 223-246 
equations, calculation of empirical con¬ 
stants, 208-223 
measurements, 143-203 
below one micron, 196 
for very low pressures, 187-198 
nomograph, 207 
sources of data, 244 
static methods, 172 

Vapor pressure-temperature relations, 

203-223 

curves, comparison with reference com¬ 
pounds, 242 

Vertical film balance. See Film balance. 
Vertical illumination (microscopy), 849, 
860, 971 

Vortical plate method (tensiometry), 411 
Vibrating gages, bifilar forms, 168 
Vibrating jet method (tensiometry), 412 
Vibrating quartz fiber vacuum gage, 168 
Vibration planes of light, 896 
Virtual image, location, 852 
Viruses, and other biological materials, 
comparative sizes, 717 
ultracentrifuge methods, 715 
Viscometer(s), canal, for monolayers, 447 
torsion oscillation, for films, 448 
torsion rotation, for films, 449 
types, 331-343 
Viscosity(ies), absolute, 328 

and average molecular weight of poly¬ 
mer, 350 

of binary liquid mixtures, 348 
and concentration of high polymers, 352 
definitions, 328 
determinations, 327-353 
effect of association, 348 
of dissociation, 348 
of molecular constitution and geom¬ 
etry, 345 

of surface tension, 344 


Viscosit v(ies) (conld.) 
of temperature, 343 
of velocity gradient, 343 
of films, 447 
and fluidity, 329 

greater than 10 4 centipoises, measure¬ 
ment of, 336 
interpretation, 345 
intrinsic, 331 
kinematic, 329 

measurements, apparatus and condi¬ 
tions, 331-344 

methods, guide for selection, 352 
and number average molecular weights 
of polymers, 350 
reduced, 330 

relation to chemical constitution, 328 
to liquid flow in a capillary, 332 
to molecular weight, 328, 349 
relative, 330 

of solid-liquid solutions, 349 
specific, 330 

temperature dependence, measurement, 
336 

theoretical equation for, 348 
and weight average molecular weights 
of polymers, 351 

Viscosity-pressure relations of mono- 
layers, 450 

Volatile liquids (densitometry), 285 
drop-weight apparatus for, 376, 377 
“phlegmatic,” distillation, 180 
precision measurement, vessel for, 279 
solubility in, 314 

Volatile solids, in low-speed equilibrium 
ultracentrifuge, 654 
m.p., 86 

Volatility of solute in ebulliometry, 135, 
136 

Voltage, source, 737 
Volume, apparent molar, 259 
molar, 259 
nullpunkls, 259 
Volumenometers, 287, 295 

use of gas as medium of displacement, 
288 

W 

Washburn corrections (calorimetry), 796 
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Washburn-Rcad ebullioscopc, 112 
comparison with other types of ebullio- 
scopcs, 139 
use, 134 

Water, adhesion to, 361 
adsorbed, effect on weight (density), 268 
avoiding condensation of (cold stage), 
885 

cryoscopic constant, 92 
density, 255 

drop-weight corrections for, 373 
effect on acetone as solvent, 312 
on surface energy of anatase, 475 
heat of formation, 784 
heat of fusion, 54 
heavy, molar volume, 261 
in tap water, 256 
liquid and steam, fixed point, 2 
melting temperature related to triple 
point, 50 
molar volume, 261 

as primary ebulliometric standard, 123 
as reference compound in vapor pres¬ 
sure studies, 243 
surface tension, 369 

Water azeotrope, contamination of fore¬ 
runs by, 126 

Water of crystallization, 893 
Watson critical pressure constants, 239 
Watson method, for parachor, 242 
for vapor pressure studies, 230,237 
Watt-second meter, 739 
Wave length of moving corpuscle, 971 
Wave-normal-refractive-index surface, 
898, 899, 900 

Wave-normal-velocity surface, 898 
Waxes, m.p., 86 


Wedge, Biot quartz, 943 
Johannsen, 944 
Weighing, buoyancy effect, 269 
effect of adsorbed water, 268 
errors by electric charges, 269 
technique (densitometry), 267 
Weight average molecular weights, ultra- 
centrifuge measurements, 673 
Weight dilatometer, 276,277 
Weld specific gravity bottle, 265 
Wettability, 460 

Wheatstone bridge, for differential meas¬ 
urements, 15 
use in thermometry, 13 
Wien expression, use in International 
Temperature Seale, 24 
Work of adhesion, 300 
Work of cohesion, 300 
Wright crosscd-slit diaphragm, 923 
Wright microrefractometer, 939 
Wright universal ocular, 943 

Y 

Young-Taylor mercury micromanometer, 
162 

z 

Zcotropic liquids, definition, 108 
Zhukov viscometer, 332 
. Zimmerli gage mercury manometer, 158 
Zimm-Myerson osmometer, 532-533 
Zone (crystallography), four-plane, 1027 
free, 1028 
harmonic, 1027 
three-plane, 1027 
Zone-axis, 998 

Zuber microreflectemetric method of dif¬ 
fusion measurement, 599 
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flaw# 



4562 




